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Early age shrinkage of cementitious systems can result in an increased potential for 
cracking which can lead to a reduction in service life.  Early age shrinkage cracking can be 
particularly problematic for high strength concretes, which are often specified due to 
their high strength and low permeability.  However, these high strength concretes 
frequently exhibit a reduction in the internal relative humidity (RH) due to the hydration 
reaction (chemical shrinkage) and self-desiccation which results in a bulk shrinkage, 
termed autogenous shrinkage, which is substantial at early ages.  Due to the low 
permeability of these concretes, standard external curing is not always efficient in 
addressing this reduction in internal RH since the penetration of water can be limited.  
Internal curing has been developed to reduce autogenous shrinkage.  Internally cured 
mixtures use internal reservoirs filled with fluid (generally water) that release this fluid at 
appropriate times to counteract the effects of self-desiccation thereby maintaining a high 
internal RH.  Internally cured concrete is frequently produced in North America using pre-
wetted lightweight aggregate.  One important aspect associated with preparing quality 
internally cured concrete is being able to determine the absorbed moisture and surface 
xi 
moisture associated with the lightweight aggregate which enables aggregate moisture 
corrections to be made for the concrete mixture.  This thesis represents work performed 
to develop a test method using a centrifuge to determine the moisture state of pre-
wetted fine lightweight aggregate.  The results of the test method are then used in a series 
of worksheets that were developed to assist field technicians when performing the tests 
and applying the results to a mixture design.  Additionally, research was performed on 





CHAPTER 1. INTRODUCTION, OBJECTIVES, AND ORGANIZATION  
1.1 Introduction 
There is increasing pressure to design bridges and pavements that are longer lasting, 
more economic, and easier to maintain while embracing sustainable construction 
materials.  The concrete industry has worked to make concrete more sustainable by: 1) 
reducing the cement clinker necessary for the production of cement (i.e., blended cement 
and portland limestone cement), 2) reducing cement content necessary for the 
production of one cubic meter of concrete (i.e., lower cement contents), and 3) through 
improving the service life of the concrete.  The solutions posed through this sustainability 
initiative have led to increased usage of supplementary cementitious materials, increased 
use of inert fillers, and reduced water-to-cementitious materials ratios (w/cm) for 
improved performance.  It should be recognized, however, that as the use of lower water 
to cement ratios with refined pore networks becomes prevalent, so does the potential  
for shrinkage and shrinkage cracking (Weiss et al., 1998).   
 
The increased shrinkage and increased cracking potential for high strength concrete has 
been well documented and is a major factor contributing to the practical implementation 
and limitations of these materials (Persson, 1997, Jensen and Hansen, 1996, Wiegrink et 
al., 1996, Bentz et al., 1998, Weiss, 1999, Igarashi et al., 2000, Jensen and Hansen, 2001a).  
2 
By intentionally designing a lower water to cement ratio concrete with a refined pore 
network, the ingress of potentially deleterious species such as water, chlorides, and 
sulfates can be delayed and service life can be enhanced.  Unfortunately, cracking due to 
shrinkage results in a path for the ingress of ionic species which can accelerate 
deterioration (Mehta and Monteiro, 1993, Shah et al., 2000, Weiss et al., 2000a, Raoufi 
and Weiss, 2012).  In response to the increased potential for cracking in high strength 
concrete, several mitigation strategies have been proposed (Shah et al., 1998, Bentz and 
Jensen, 2006, Radlinska et al., 2008).   
 
In 1946, Powers and Brownyard published their studies of the hydrated cement paste, 
which Powers later modified to provide a succinct method to model the volumetric 
composition of cement paste as a function of degree of hydration (Powers and Brownyard, 
1946). Jensen and Hansen revisited this work and proposed a series of equations to 
describe the volumetric proportions of the phases of a hydrating cement paste and 
showed that for sealed systems (where water is not absorbed or lost from the system) 
below a w/cm of approximately 0.42, complete hydration cannot be achieved (Jensen and 
Hansen, 2001b).  This implies that at a specific degree of hydration (DOH) the capillary 
water will be completely consumed without hydrating all the cement in the system.  
When the suggested definition for pore sizes laid forth by Powers is used in conjunction 
with the Kelvin equation, it becomes apparent that the capillary pores will empty at a RH 
of approximately 80%.  Measurements of the internal RH of low w/cm systems have 




of hydration (Castro, 2011b).  Bentz and Snyder postulated that to reduce the potential  
for shrinkage, water could be supplied in a volume that was equal to the chemical 
shrinkage.  They developed an equation for supplying the appropriate volume of water to 
replace this void space using pre-wetted lightweight fine aggregates (LWA) (Bentz and 
Snyder, 1999b).  The use of internal reservoirs such as LWA to supply water necessary to 
replace the volume of chemical shrinkage of a hydrating cementitious system is referred 
to as the process of internal curing.  Bentz later updated this supply and demand 
relationship to Equation 1.1, which tailors to field design methodologies (Bentz et al., 
2005):    
𝑀𝑀𝐿𝐿𝐿𝐿𝐿𝐿 =  𝐶𝐶𝑓𝑓 ∙ 𝐶𝐶𝐶𝐶 ∙ 𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚𝐶𝐶 ∙ ϕ𝐿𝐿𝐿𝐿𝐿𝐿−24  [1.1] 
 
where MLWA is the mass of dry lightweight aggregate (kg/m3) necessary to fill the voids 
created by chemical shrinkage with water, Cf is the cement content (kg/m3), CS is the 
chemical shrinkage (approximately 6.4 mL of water/100 g of cement reacted), αmax is the 
maximum degree of hydration (0-1), S is the degree of saturation of the LWA, and ϕ𝐿𝐿𝐿𝐿𝐿𝐿  
is the design absorption of the lightweight aggregate (kg of water/kg of dry LWA) taken 
as the 24 h absorption value.  In this approach, the amount of water supplied is 
approximated to be equal to the volume of chemical shrinkage for convenience, a value 
that is dependent on the maximum degree of hydration for a given w/c.  In recent years, 
more work was done to understand the sorption kinetics of lightweight aggregate and 




dependence of the absorption of the LWA and the desorption behavior in a desiccating 
environment (Castro, 2011b).  The modified equation is as follows: 
𝑀𝑀𝐿𝐿𝐿𝐿𝐿𝐿 =  𝐶𝐶𝑓𝑓 ∙ 𝐶𝐶𝐶𝐶 ∙ 𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡𝐿𝐿 ∙ ϕ𝐿𝐿𝐿𝐿𝐿𝐿 ,24ℎ ∙ 𝜓𝜓 [1.2] 
 
where the degree of saturation can be replaced by tA, the absorption of the LWA as a 
function of time and 𝜓𝜓 refers to the aggregates ability to desorb (release water) and is 
the fraction of water released at a high (93%) relative humidity (ASTM C1761-13b, 2013).  
Researchers have been able to successfully implement both approaches presented here 
to internal curing in laboratory studies to show improved resistance to the potential for 
shrinkage and cracking (Schlitter et al., 2010a).   
 
When moving from these small-scale tests in the laboratory to full-scale field tests, there 
are several important quality control considerations that need to be considered.  As 
internal curing is commonly used with concrete mixtures that can be classified as high 
performance (with w/c < 0.42), it is especially important that the moisture state of the 
lightweight fine aggregate is well defined.  At the beginning of each day of production, 
quality control tests need to be performed to accurately account for free moisture from 
the aggregate.   
 
ASTM 1761-13b describes one method that can be used to determine the moisture state 




method” (ASTM C1761-13b, 2013).  In this procedure, pre-wetted lightweight aggregate 
is dried and tested by dabbing a paper towel on the surface of the pre-wetted lightweight 
aggregate until the paper towel no longer picks up moisture, signifying that a pre-wetted 
surface-dry condition has been reached.  Another method has been proposed, called the 
“centrifuge method,” is an alternative method to the paper towel method for 
determining the pre-wetted surface-dry condition for lightweight fine aggregate (Miller 
et al., 2014b, ACI, 1998).  In the centrifuge method, the pre-wetted lightweight aggregate 
is placed in a centrifuge, and the surface moisture is extracted by the mechanical action 
of the centrifuge.  The centrifuge method has been shown to yield results comparable to 
the paper towel method with a higher level of precision (Miller et al., 2014c).  Using the 
paper towel method or the centrifuge method will give useful information for both the 
design and batching of internally cured concrete, including the absorption and the surface 
moisture of the pre-wetted fine lightweight aggregate.  
 
The surface moisture of the pre-wetted fine lightweight aggregate must be accurately 
determined to properly account for free moisture in the overall system.  As the 
lightweight aggregate must be pre-wetted to achieve the design absorption, aggregate 
stockpiles often contain a high level of surface moisture (free water).  If surface moisture 
is underestimated, the aggregate will contain more free water and the w/cm will be 
higher than the designed value.  This may result in decreased strength and increased 
permeability (Popovics, 1990, Castro, 2011b).  Likewise, if the surface moisture is 




will have a lower w/cm than designed, which can lead to decreased workability and 
problems with consolidation (Kennedy, 1940).   
 
The potential implications of improperly accounting for surface moisture can be 
illustrated with data from the field.  The production of a high performance internally 
cured bridge deck concrete was observed, and the mixture designs of this production can 
be seen in Table 1.1.   
 
Table 1.1:  Mixture design of example high performance internally cured system 
Material SSD Design Weights (kg/m3) 
Type I Cement 264 
Ground Granulated Blast Furnace Slag 68 
Silica Fume 9 
Water 136 
Natural Sand (Indiana #23) 1032 
Crushed Limestone (Indiana #9) 1421 
Lightweight Fine Aggregate 226 
 
The fine lightweight aggregate stockpile was pre-wetted using a sprinkler system for 72 
hours, after which the sprinklers were turned off and the stockpile was allowed to drain 
for 16 hours.  Before batching the internally cured high performance concrete, the 
moisture state (absorbed moisture, surface moisture, and total moisture) was 
determined for all aggregates, including the pre-wetted lightweight aggregate.  In this 
example, the currently specified “paper towel method” was used to determine the 




to be 25% and 7%, respectively.  The absorption and free moisture were again calculated 
using the newly proposed centrifuge method, and the absorption and surface moisture 
were determined to be 20% and 12%, respectively.  While this seems like an extreme 
example, this difference lies within one standard deviation of the “paper towel method” 
for pre-wetted lightweight aggregate.  The difference between 7% and 12% surface 
moisture causes the mixture shown in Table 1.1 to go from a design water to cement ratio 
of 0.39 to 0.43.  Additionally, if the absorption is artificially inflated (i.e. 25% instead of 
20%) and the internal curing design is based on this absorption, there will be an 
insufficient amount of internal curing water present in the aggregate and the mixture will 
not have the complete benefits desired from internal curing. 
 
The centrifuge method proposed in this thesis has been designed to minimize errors when 
determining moisture properties of pre-wetted lightweight aggregate.  The method is 
useful both for design of internally cured concrete mixtures and for quality control during 
production.  The theoretical background and development of the method are discussed.  
A variability study for the new method, as well as the currently specified method, was 
performed and the results of this study are presented.  While determining the moisture 
properties is important, it is even more vital that the properties can be properly 
implemented into an internally cured mixture design.  The quality control and design 
process is discussed in a step by step manner to assist concrete designers and producers.  




internal curing agents and several considerations that need to be taken when testing 
them in the laboratory. 
1.2 Objectives 
The main objectives of the thesis include: 
• Present a brief background on the use of internal curing, 
• Present the development of the centrifuge method for determining moisture 
content of pre-wetted lightweight fine aggregate,  
• Discuss the practical implementation of this test for quality control in the 
production of internally cured concrete, 
• Provide a step-by-step process, including how to use the worksheets developed in 
this research, for determining moisture properties using a centrifuge in the 
laboratory and in the field, 
• Provide a step-by-step process, including how to use the worksheets developed in 
this research, to determine the mixture design of an internally cured concrete 
mixture using the properties obtained from the centrifuge test,   
• Present work that has looked at testing coarse lightweight aggregate in the 
centrifuge using a method from ACI 211 as well as the newly developed method, 
and 
• Present work using a different internal curing agent, superabsorbent polymers, 





1.3 Organization and Contents of the Thesis 
This thesis is organized and serves to present work on methods for using a centrifuge to 
determine moisture content of pre-wetted lightweight aggregate and how to use these 
methods in field quality control applications.  This thesis also presents work done with 
superabsorbent polymers and their application to internal curing.    
 
The first chapter serves to provide a brief background on the development and theory of 
internally cured concrete.  Much of the work described in this chapter has been developed 
into a paper co-authored with Timothy Barrett published in the Indian Concrete Journal 
(Barrett et al., 2014).  The portions of the paper were used with permissions of the 
collaborating authors.   
 
The second chapter presents the development of the centrifuge method to determine 
the moisture content of pre-wetted lightweight aggregate to be used in internally cured 
concrete.  The chapter describes work performed on fifteen commercially available 
aggregates available in the United States.  A theoretical solution is proposed to begin to 
understand how the centrifuge method works to extract water from the surface of the 
aggregates.  A final method for using a centrifuge is also proposed based on this 
theoretical solution and on correlation to the existing and specified test method.  This 
work was developed into a paper that has been submitted to the ASTM Journal of 





The third chapter summarizes work that was done to begin to quantify the variability 
associated with the two tests presented for determining the moisture states of pre-
wetted lightweight aggregates.  The method cited in ASTM C1761-13 (so called “paper 
towel method”) and the newly developed centrifuge method were performed 1) multiple 
times by a single user,  and 2) by a group of 25 operators.  This testing allowed for both a 
single user and multiple user variability statement to be made.  Testing was performed as 
part of a laboratory for a graduate level internal curing class offered by Dr. Weiss at 
Purdue University.  The analysis and use of this work resulted in chapter 3, which has been 
developed into a published conference proceedings of the 4th International Conference 
on Durability of Concrete Structures (Miller et al., 2014c). 
 
The fourth chapter describes how the centrifuge method can be easily implemented in 
the field for design, day of batching moisture verification, and ready mix batching input.  
A series of worksheets have been developed to make this process understandable and 
repeatable.  The use of these spreadsheets is outlined, and design inputs are obtained as 
a result.  These design inputs can then be placed in another spreadsheet, which easily 
converts a non-internally cured mixture (plain concrete mixture) to an internally cured 
mixture.   
 
The fifth chapter examines the use of a centrifuge for determining the moisture content 
of coarse lightweight aggregate.  This method was first discussed in Appendix B of ACI 




favor again as producers begin to use a centrifuge in the production of internally cured 
concrete.  The original method from ACI 211.2 is compared both to the paper towel 
method and the centrifuge method proposed for lightweight fine aggregate.   
 
The sixth chapter outlines work done with superabsorbent polymers.  This hydrogel has 
been gaining increasing amounts of interest in recent years as a possible option for an 
internal curing agent.  This chapter outlines work that is done on a commercially produced 
superabsorbent polymer to 1) characterize properties of the superabsorbent polymer 
itself, 2) assess the performance of the superabsorbent polymer in mitigating autogenous  
shrinkage, and 3) postulate the possible effects of adding flaws introduced when 
superabsorbent polymers deplete their fluid reserves.  This chapter has been developed 
into a conference paper presented to the International RILEM Conference on the 
Application of Superabsorbent Polymers and Other New Admixtures in Concrete 
Construction (Miller et al., 2014a).   
 
Co-authors for publications listed above have included: Timothy Barrett, Robert Spragg, 
Federico Antico, Warda Ashraf, Ali Behnood, Yiwen Bu, Yi-Cheng Chiu, Belayneh Desta, 
Yaghoob Farnam, Hyungu Jeong, Wesley Jones, Catherine Lucero, Daming Luo, Fabio 
Macobatti, Caleb Nickel, Parth Panchmatia, Kho Pin, Sheng Qiang, Chunyu Qiao, Hadi 
Shagerdi, Qian Tian, Raikhan Tokpatayeva, Chiara Villani, Andrew Wiese, Scott Woodard, 






CHAPTER 2. USING A CENTRIFUGE TO DETERMINE MOISTURE PROPERTIES OF 
LIGHTWEIGHT FINE AGGREGATE FOR USE IN INTERNAL CURING 
2.1 Introduction 
Internally cured (IC) concrete is frequently produced by replacing a portion of the 
conventional fine aggregate (sand) with pre-wetted fine lightweight aggregate (LWA) 
(Bentz et al., 2005).  IC concrete is designed to use the pre-wetted LWA to provide a 
sufficient volume of water to replace the volume of space created by chemical shrinkage 
as the cement hydrates.  Internal curing has been shown to reduce shrinkage (Cusson et 
al., 2010, Henkensiefken et al., 2009) and restrained shrinkage cracking (Schlitter et al., 
2010b, Bentur et al., 2001).  In addition, internal curing enables improved hydration of 
cement (Lura et al., 2004), which may lead to slight improvements in strength and 
transport properties (Di Bella et al., 2012, Di Bella, 2012).  While substantial research has 
focused on the “science” of IC concrete (Kovler et al., 2007, Bentz and Weiss, 2011, Weber 
and Reinhardt, 1997, Bentz and Snyder, 1999a), relatively little effort has been focused 
on aspects of production, quality control, or field construction.  Specifically, one area of 
importance for production is the ability to determine the moisture state of the pre-wetted 
lightweight fine aggregate both rapidly and accurately.  Accurate determination of the 
absorption, desorption, and specific gravity of lightweight aggregate is important for IC 
concrete design and production.  All three of these properties require that the aggregate 
13 
be in the pre-wetted surface-dry condition, which can be a difficult moisture state to 
reach with the currently specified and widely used “paper towel method.”  A new 
procedure has been proposed to reach the pre-wetted surface-dry condition rapidly and 
consistently using a centrifuge. 
 
2.2 Research Objectives 
The study examined the centrifuge method as one approach to rapidly determine the 
surface-dry condition of lightweight aggregate.  Once the surface-dry condition is 
obtained, it can then be used to determine moisture content (i.e., absorbed moisture) 
and surface moisture (i.e., free moisture).  The purpose of the present chapter is to 
evaluate: 1) a method to determine a reliable speed and duration for using the centrifuge, 
2) a method to determine how the surface dry condition from the centrifuge correlates 
to the “paper towel method” used in ASTM C1761-13b, and 3) a method to determine a 
procedure that would yield a rapid and reproducible determination of the pre-wetted 
surface-dry condition in fine lightweight aggregate.  The apparent benefit of the 
centrifuge method is that it has the potential to be used for quality control when batching 





2.3 Theoretical Background 
2.3.1 Currently Specified Test Methods for Moisture Content of Lightweight Aggregate 
(The “Paper Towel Method”) 
ASTM C1761-13b (ASTM C1761-13b, 2013) details a test method that can be used for 
determining the surface-dry condition of pre-wetted fine lightweight aggregate.  This 
method, first used in a New York State Department of Transportation test method is 
sometimes referred to as the “paper towel method” (NY 703-19 E, 2008).  The paper towel 
method consists of placing a dry paper towel on the surface of pre-wetted lightweight 
aggregate.  If the aggregate contains surface moisture, the paper towel will show 
moisture.  The aggregate is then dried using paper towels and a moving air current until 
it reaches a pre-wetted surface-dry condition, which is defined as the point when a clean 
paper towel shows no moisture after patting.  In theory, this method measures when the 
aggregate no longer has surface moisture but retains absorbed water in the inner pores.  
In practice, however, some users find it difficult to consistently reach a pre-wetted surface 
dry condition without under-drying or over-drying the aggregate.   
 
The current standard for the paper towel test (ASTM 1761-13) specifies that the paper 
towel be “commercial grade, either folded type or roll type,” however it does not specify 
a standard towel absorptive capacity.  This can lead to variation if different types of paper 
towel are used.  The standard also does not specify how much force should be applied on 
the paper towel to remove water.  If only limited force is applied, the paper towel may 




excessive force is applied, it is possible to draw water from small pores on the surface 
that is not considered to be free water.  This user bias may contribute to variances in 
determining the pre-wetted surface-dry condition.  It should be noted that studies on 
paper towels (Miller, 2000) show that the capillary action of the paper towel corresponds 
to a capillary pressure of: 
 
𝑃𝑃𝑐𝑐𝑚𝑚𝑐𝑐 = 𝐿𝐿𝑐𝑐𝜌𝜌𝜌𝜌 [2.1] 
 
where Pcap is the capillary pressure, Lc is the height of the liquid column in a vertical 
upward wicking test, ρ is the density of the fluid (water), and g is gravitational acceleration.  
Equation 2.1 can be used to solve for the capillary radius, Rcap, in Equation 2.2 if the 
capillary pressure is written in terms of the Young-Laplace equation: 
 
𝑅𝑅𝑐𝑐𝑚𝑚𝑐𝑐 = 2𝛾𝛾𝐿𝐿𝑐𝑐𝜌𝜌𝜌𝜌 [2.2] 
 
where γ is the surface tension of the fluid (water).  The capillary pressure, Pcap, causes the 
paper towel to absorb surface moisture as well as moisture in pores larger than that of 
the paper towel fiber capillary radius, Rcap.  Performing the analysis discussed with 
Equation 2.1 and Equation 2.2, it was found that commercial grade paper towels typically 
have a capillary radius from 25 µm to 30 µm (Simile, 2004) (the paper towels used in 




The paper towel method should remove surface moisture as well as fluid from surface 
pores with a diameter larger than about 50 µm. 
 
The paper towel method frequently takes in excess of an hour to reach a pre-wetted 
surface-dry condition.  This is a relatively long time for use in the field when a producer 
may wish to adjust for changes in the aggregate moistures throughout the course of a day. 
 
The centrifuge method is investigated as an alternative test for obtaining the pre-wetted 
surface-dry condition of LWA, which can be used in determination of lightweight 
aggregate moisture content and surface moisture.  A similar version to the centrifuge 
method is discussed in ACI 211.2-17 (ACI, 1998) for structural lightweight coarse 
aggregate; however, it does not appear that this approach is frequently used, and it has 
not (to the best of the authors knowledge) been used with lightweight fine aggregate for 
internal curing prior to this work.  The use of a centrifuge, seen in Figure 2.1, has the 
potential to reduce operator bias often encountered with the paper towel method by 
offering a simple and consistent approach to obtain the surface-dry condition for pre-






Figure 2.1: An example of the centrifuge setup used for testing pre-wetted lightweight 
aggregate 
 
As the centrifuge spins, centrifugal force will remove water from the surface of the 
lightweight aggregate and expel it into a catch basin.  After spinning, the aggregate will 
be left in a state that satisfies the pre-wetted surface-dry condition.  In contrast to the 
paper towel method, this test may be performed quickly, saving time and allowing for 
free-moisture corrections.  The research presented in this chapter sought to 1) determine 
a reliable speed and duration for using the centrifuge, 2) determine how that correlates 
to the paper towel method, and 3) determine a procedure that would yield a rapid and 
reproducible determination of the pre-wetted surface-dry condition in fine lightweight 
aggregate. 
 
2.3.2 Centrifuge Mechanics 
Prior to interpreting results from the proposed test method, it may be useful to provide 




solution does not exist, several approximations have been proposed which may yield 
insight and justification regarding the scientific basis for this method.   
 
The goal of using the centrifuge method is to remove water from the surface of the 
lightweight aggregate as well as to remove water from large surface pores.  This water is 
subject to two major forces while in the centrifuge:  centrifugal force working to expel 
water from the surface and capillary pressure holding the water inside of surface pores.  
These will be the two primary forces analyzed to postulate a solution. 
 
Centrifugal force is an apparent force acting on a rotating body away from its center of 
rotation.  The centrifugal force, Fcent, is quantified using Equation 2.3, 
 
𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑚𝑚𝑅𝑅𝜔𝜔2 [2.3] 
 
where m is the mass of the body, ω is the angular velocity of the body, and R is the 
distance from the body to the center of rotation (for the centrifuge bowls used in this 
study, R = 11.4 cm). 
 
This force will be counteracted by a capillary force experienced by water in the surface 
pores.  Using the Young-Laplace equation (Equation 2.4 below), the capillary pressure, 





𝑝𝑝𝑐𝑐𝑚𝑚𝑐𝑐 = 2𝛾𝛾 cos𝜃𝜃𝑟𝑟  [2.4] 
 
with known surface tension, γ, contact angle, θ, and pore radius, r. 
 
Since Equation 2.4 yields a pressure and not a force, it is necessary to calculate this 
pressure over an area.  As a first approximation, it is assumed that the surface pores are 
hemispherical.  To estimate the size of the pores that will be emptied, it is assumed that 
once the capillary force is overcome by the centrifugal force, the surface pore will empty.  
It is assumed that the centrifugal force will be acting on a hemispherical, water filled pore. 
 
𝐹𝐹𝑐𝑐𝑚𝑚𝑐𝑐 = 𝑝𝑝𝑐𝑐𝑚𝑚𝑐𝑐 × 𝐴𝐴𝑟𝑟𝐴𝐴𝐴𝐴 = 𝑝𝑝𝑐𝑐𝑚𝑚𝑐𝑐 × 2𝜋𝜋𝑟𝑟2 [2.5] 
 
In Equation 2.5, Area refers to the surface area of the hemispherical pore. 
 
Equating Fcent to Fcap leads to a final equation, Equation 2.6, which relates the size of the 
filled surface pores being emptied to the speed of rotation and size of the bowl.   
 









It is recognized that several approximations were made to obtain Equation 2.6 as a 
general approximate solution to the size of pores that will be emptied when the 
centrifuge test is performed.  The centrifuge bowl radius is an important variable as well, 
as not all centrifuges will have the same geometries.  Figure 2 shows the effect of changing 
the centrifuge speed and bowl geometry on the size of surface pores that are emptied. 
 
Figure 2.2: Effect of centrifuge bowl radius, R, on size of pores expected to empty during 
centrifugation 
 
Figure 2.2 shows solutions of Equation 2.6 for varying bowl radii and varying speeds.  
Bowls with a larger radius will empty smaller pores than a bowl with a lesser radius at the 
same speed.  To obtain consistent results between laboratories, it would be necessary to 
standardize the size of the centrifuge bowl or make an adjustment to the procedure to 
obtain comparable results.  One such procedure would be to fix Rω2 at a constant value 




bowl radius R yields an appropriate testing speed.  In this study, R was 0.114 m, and the 
final ω was 209 radians/sec.  Therefore, Rω2 = 5000 m·radians/sec. 
 
2.4 Materials 
Fifteen different lightweight aggregates were selected for testing in this experiment.  
Table 2.1 is a list of the aggregates tested as well as their source of production.   
 
Table 2.1: List of lightweight fine aggregate used in this research 
 
 LWA Name Raw Material Plant Location 
1 Gravelite (Riverlite LA) Clay Erwinville, Louisiana 
2 Livlite (Riverlite AL) Clay Livingston, Alabama 
3 TXI (Trinity) Frazier Park Clay Frazier Park, California 
4 Buildex Marquette Shale Marquette, Kansas 
5 Buildex New Market Shale New Market, Missouri 
6 Haydite AX Shale Brooklyn, Indiana 
7 Haydite DiGeronimo Shale Cleveland, Ohio 
8 Hydrocure Shale Brooks, Kentucky 
9 Norlite Shale Albany, New York 
10 TXI (Trinity) Boulder Shale Boulder, Colorado 
11 TXI (Trinity) Streetman Shale Streetman, Texas 
12 Utelite Shale Coalville, Utah 
13 Solite LLC Slate Buckingham, Virginia 
14 Stalite Slate Gold Hill, North Carolina 
15 Expanded Slag Slag East Chicago, Indiana 
 
These aggregates represent the majority of commercially produced lightweight 
aggregates in North America.   For this method to be applicable for quality control, it is 
important that it works for a wide range of commonly used materials.  Lightweight 




aggregate produced by expanding shale, clay, slate, or slag.  The resulting aggregate has 
a porous structure that is suitable to provide the necessary amount of water needed for 
internal curing.  This collection of aggregates was previously studied by Castro et al. and 
Pour-Ghaz et al. using other methods to determine the physical properties of the 
aggregates (Castro et al., 2011, Pour-Ghaz et al., 2012).  The majority of the testing in this 
study was performed on aggregate from the same stockpiles used in the referenced 
studies.  Some aggregate names have changed since publishing of the referenced studies.  
Both names are listed in Table 2.1 for clarity.  Absorption and desorption properties were 
determined by using methods that include the cone test (ASTM C128-12, 2012), the paper 
towel method, dynamic vapor sorption, and the cobalt chloride method (Pour-Ghaz et al., 
2012, Henkensiefken et al., 2009).  Pour-Ghaz et al. used a pressure plate to examine 
desorption at higher relative humidities (Pour-Ghaz et al., 2012).  The absorption and 
desorption properties from these papers will serve as a comparison for the centrifuge 
method results.      
 
2.5 Experimental Program 
As previously mentioned, the centrifuge method relies on the use of centrifugal force to 
remove moisture from the surface of the lightweight aggregate.  As centrifugal force (a 
function of centrifuge speed) increases, smaller pores will be emptied and water on the 
aggregate surface will be removed.  To begin to determine if the centrifuge method may 
have potential to be used, varying centrifuge speeds were tested.  A single aggregate was 




under water.  Testing was performed at speeds ranging from 300 to 2500 rpm and at 
times ranging from 15 seconds to one hour. Masses of the aggregate were taken before 
spinning, after spinning, and after oven-drying.  Using the mass after spinning as a pre-
wetted surface-dry condition, apparent absorptions were calculated at all speeds and 
times. Apparent absorption is determined using Equation 2.7: 
 
𝐴𝐴𝑝𝑝𝑝𝑝𝐴𝐴𝑟𝑟𝐴𝐴𝐴𝐴𝑡𝑡 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑟𝑟𝑝𝑝𝑡𝑡𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤′ − 𝑀𝑀𝑜𝑜𝑤𝑤
𝑀𝑀𝑜𝑜𝑤𝑤
× 100% [2.7] 
 
where Mwsd’ is the mass of the LWA after testing in the centrifuge (a condition which will, 
at a specific speed and time, represent the pre-wetted surface-dry condition) and Mod is 
the mass of the oven dry LWA.    
 
Figure 2.3 shows a typical curve for varying centrifuge speeds and performing the test for 







Figure 2.3: Apparent absorptions for Buildex Marquette when varying centrifuge speed 
for a constant time of centrifugation 
 
Figure 2.3 shows that at speeds below 1000 rpm, there is still a considerable amount of 
water readily available to be spun off (i.e., released by spinning).  This water is still freely 
available because it is on the surface of the aggregate.  As the speed is further increased, 
more of the surface moisture is expelled.  At this point, the pre-wetted aggregate 
approaches its pre-wetted surface-dry condition.  For the initial test aggregate, a speed 
of 2000 rpm yielded an absorption value that was comparable to values obtained via the 
paper towel test.  Figure 2.4 shows the same aggregate when the test was run at 2000 






Figure 2.4: Apparent absorptions for Buildex® Marquette with varying test duration at a 
constant speed of centrifugation 
 
The centrifugal force applied to the LWA will remain relatively constant throughout the 
test when speed is held constant.  This suggests that the approximated solution to the 
mechanics of the centrifuge are not time dependent. However, the experiments have 
indicated that time is necessary for water to flow from the aggregate surface, along the 
side of the bowl, and exit through the filter paper ring.  In addition, the aggregate will also 
pack against the side of the bowl, making it necessary for water to flow around other 
aggregate to escape the bowl.  Figure 2.4 shows that a rapid loss of surface moisture 
occurs in the first 15 seconds of centrifugation, after which the apparent absorption of 
the aggregate reaches a relatively steady state (i.e., it is no longer highly time dependent).  
The variation seen in the apparent absorption during the first few minutes will continue 




of the aggregate has leveled off.  When this analysis is performed on all 15 aggregates, 
the apparent absorption at 3 minutes is, on average, within 1.5% of the apparent 
absorption at 15 minutes. 
 
2.6 Results and Discussion 
Once 2000 rpm was observed to yield absorption values representative of the paper towel, 
the remaining 14 lightweight aggregates were tested at this speed.  All aggregates were 
tested at spinning durations ranging from 15 seconds to 15 minutes.  Again, apparent 
absorptions were obtained from every spinning duration.  This data was then plotted on 
a series of graphs comparing the results from all fifteen lightweight aggregates at a single 
spinning time and rpm to the paper towel test results.  One such graph comparing results 
from centrifuge testing done at 2000 rpm for 3 minutes to results from the paper towel 





Figure 2.5: Comparison of results from centrifuge method (2000 rpm, 3 minutes) to 
paper towel method. 
 
 
Figure 2.6: Comparison of results from ACI 211.2-17 test method (500 rpm, 20 minutes) 




Figure 2.5 serves to show how strongly the results from the centrifuge method correlate 
to results from the paper towel test (current standardized test).  The plotted line 
illustrates a direct correlation between the two tests.  This line represents the data with 
a coefficient of determination (R2) of 0.85.  This can be contrasted with Figure 2.6 which 
shows results from testing done using the method described in ACI 211.2-17 that was 
previously mentioned.  The plotted line fits the data with an R2 of 0.45.  The ACI 211.2-17 
method is seen to consistently overestimate the value of absorption for fine LWA.  This 
poses a potential problem for mixture designs because an overestimation in absorption 
leads to an underestimation in free surface moisture, yielding a higher w/c than desired 
and the system will have less IC water than designed. 
 
The goal of testing at many different speeds and times was to determine the appropriate 
parameters for a testing method with a strong correlation to previously obtained results, 
such as those from the paper towel method.  To do this, the coefficient of determination 
of the relationship between measured absorption from the paper towel method and 
centrifuge method was calculated for multiple centrifuge spinning times while fixing the 






Figure 2.7: Correlation coefficient of 2000 rpm centrifuge test at varying times to 
expected paper towel results 
 
Figure 6 shows an approximately bilinear trend in correlation coefficient and centrifuge 
spinning time.  For times less than three minutes, the correlation between the paper 
towel test and centrifuge method is not strong; however, this correlation improves rapidly 
as time increases.  Once the centrifuge time reaches three minutes, there is only minimal 
gain in R2 with longer testing times.  Due to there being no appreciable gain in the 
correlation past three minutes and because a rapid test is preferred for field applications, 
three minutes was determined to be an appropriate testing duration at 2000 rpm.   
  
With a final procedure for speed and time determined, data was compiled for comparison 
between results obtained by Castro and results from the centrifuge (Castro et al., 2011).  




The procedures for obtaining absorption and desorption can be seen in the appendix of 
this thesis.   
 
Table 2.2:  Absorption and desorption results from paper towel test (Castro et al., 2011) 
and centrifuge method 
 LWA name 
















1 Gravelite (Riverlite LA) 16.0 16.4 90.6 92.4 
2 Livlite (Riverlite AL) 30.5 30.0 92.2 97.5 
3 TXI (Trinity) Frazier Park 17.7 17.5 88.7 95.2 
4 Buildex Marquette 17.5 18.8 91.9 96.2 
5 Buildex New Market 14.1 14.9 97.6 98.3 
6 Haydite AX 10.0 12.4 96.9 97.5 
7 Haydite DiGeronimo 15.6 17.1 95.8 97.3 
8 Hydrocure 15.0 17.3 95.1 96.4 
9 Norlite 19.1 17.4 95.5 95.7 
10 TXI (Trinity) Boulder 17.9 19.0 86.9 89.8 
11 TXI (Trinity) Streetman 18.9 20.1 85.3 88.0 
12 Utelite 18.5 19.7 86.2 90.6 
13 Solite LLC 12.2 16.4 96.0 97.1 
14 Stalite 6.0 9.1 96.2 97.5 
15 Expanded Slag 9.9 10.5 95.5 92.6 
 
The paper towel results serve as a good reference point for comparison; however, results 
from the paper towel test should not be considered as absolutely correct as the test 
employs a relatively subjective method for removing excess surface moisture.  While 
some values show close similarities, it can be seen that the results may vary between 
paper towel test and centrifuge test by as much as 4.2% (note: on average, centrifuge 
method yields a result ± 1.5% of “paper towel method”).  This may point out 




more water when if different pressures are applied by the technician running the test.  
The centrifuge method removes this variation, as the test will apply the same pressure 
(i.e., empty the same pore size pores) every time it is run.  The coefficient of variation for 
the centrifuge method varied from 0.008 to 0.026 depending on the aggregate being 
tested.  Desorption results were consistent with those from Castro’s research (Castro et 
al., 2011).  
 
One initial concern with the variability of the centrifuge method was the effect of surface 
moisture on absorption results.  It was theorized that if aggregate had extreme amounts  
of surface moisture, then the apparent absorption would also be increased because the 
centrifuge would fail to remove the excessive amounts of surface moisture.  To test this, 
aggregate from the same stockpile were submerged for 24 hours and then dried to 






Figure 2.8: Graph showing effect of varying surface moisture on absorption 
 
Figure 2.8 shows that, regardless of amount of excess surface moisture, the absorption 
will remain constant.  This further verifies that the centrifugal force is evacuating the 
surface water while retaining the absorbed water. 
 
The procedure for using the centrifuge method and a field worksheet for ease of 
calculation can be found in the appendix.  Procedures are listed for using this method to 
determine 1) absorption, surface moisture, and total moisture, 2) relative density (specific 
gravity), and 3) desorption at 94% relative humidity.  These properties are the same as 
those in ASTM 1761-13b, but are attained using the centrifuge method.  The centrifuge 
method has been shown to yield results consistent with methods listed in ASTM 1761-
13b and could be added to this specification as an alternative test method to the paper 




For several of the calculations listed in the procedure, surface moisture* is used instead 
of surface moisture.  Surface moisture* is normalized to pre-wetted surface-dry mass 
rather than the oven-dry mass because this test is intended to be rapid for field 
applications.  Knowing surface moisture* is also a more useful value for most concrete 
batching systems and making rapid adjustments.  It is important to note that with this 
change, total moisture is not the summation of surface moisture* and absorption.  If 
surface moisture normalized to the oven-dry mass is desired, it can be obtained by 
multiplying surface moisture* by the ratio of the pre-wetted surface-dry specific gravity 
to the oven-dry specific gravity.   
 
2.7 Summary and Conclusions 
This research sought to determine a method to rapidly determine the surface-dry 
condition of LWA using a centrifuge.  With a consistent way to reach this state, the 
absorbed moisture and surface moisture of a LWA can be easily determined and used in 
the mixture design of internally cured concrete.  Fifteen different commercially available 
LWA from across North America were tested to try to find a method that would be 
applicable for a variety of materials.   
 
The basis of the method is the balance between centrifugal force extracting water from 
surface pores and the capillary forces acting to hold water in the surface pores.  With 
several approximations, a general approximate equation was developed to describe the 




The centrifuge was tested using different rotational speeds and testing durations.  The 
results from these tests were then compared to the currently specified testing method 
(ASTM 1761-13b “paper towel method”).   It was shown that testing for 3 minutes at 2000 
rpm was the most rapid procedure with the strongest correlation to reference values 
from tests such as the paper towel method. 
 
The results from applying the centrifuge method show that this is a viable option for the 
determination of moisture properties of lightweight aggregate.  The proposed method is 
a relatively fast test, offers consistent results, and removes much of the operator bias 





CHAPTER 3. ASSESSING THE VARIABILITY OF THE PAPER TOWEL AND CENTRIFUGE 
METHODS 
3.1 Introduction 
Pre-wetted fine lightweight aggregate (LWA) is often used in the production of internally 
cured (IC) concrete.  The water that was absorbed in the LWA is released and replaces the 
volume of space that would be created by chemical shrinkage during the hydration 
reaction.  To reach the required amount of water absorption, the fine lightweight 
aggregate is typically stored in stockpiles and pre-wetted with hoses or sprinklers for a 
specified period of time.  This practice typically yields a pre-wetted lightweight aggregate 
that is sufficient for internal curing, but the pre-wetting may be problematic for consistent 
production as surface moisture can vary greatly.  One important aspect associated with 
quality control of IC concrete is being able to determine the moisture content, including 
absorbed moisture and surface moisture, associated with the pre-wetted LWA.  
  
Water absorbed by the pre-wetted lightweight aggregate is not available for initial 
hydration of the binder and is not considered in the water-to-cement ratio (w/c).  Surface 
moisture, however, is free water within the mixture and must be taken into account when 
determining the w/c.  If surface moisture is underestimated, the aggregate will contain 
additional free water and the w/c will be higher than the designed value.  This may result 
36 
in decreased strength and increased permeability (Castro, 2011a, Popovics, 1990).  
Likewise, if surface moisture is overestimated, the aggregate will contain less free water 
and the mixture will have a lower w/c than designed.  The lower w/c could lead to 
decreased workability and problems with consolidation if it is not overcome with 
admixtures (Kennedy, 1940).  While both surface moisture and absorbed moisture are 
important parameters for consideration in IC concrete mixture designs, this study focuses 
primarily on LWA absorption.   
 
The absorption of LWA is one value used to determine the amount of LWA that should be 
used to replace natural fine aggregate with LWA in the mixture design for internally cured 
concrete (Bentz et al., 2005).  LWA typically has an absorption much higher than most 
conventional aggregates, ranging from 6% to 30% in North American commercially 
produced LWAs (Castro et al., 2011).  Absorption of a given LWA is primarily dependent 
on the duration of pre-wetting, but may be influenced by environmental conditions as 
well (i.e., temperature, humidity, wind, precipitation, and moisture gradients within a 
stockpile), which may cause sections of the stockpile to dry while others may not.  
Because of these factors, absorption and surface moisture of lightweight aggregate can 
vary greatly from day to day.  This increases the potential for errors to be made when 
adjusting the batch water for free moisture in the system during production.  
 
While it is possible to adjust the concrete mixture design for the measured absorption on 




aggregate constant in the concrete mixture design and allow for the absorption measured 
the day of the cast to exceed the design value.  This method assures that the system still 
contains enough internal curing water as per the Bentz equation while also protecting the 
same paste volume (Bentz and Snyder, 1999a).   
 
For IC concrete design and field batching, it is important that: 1) 24 hour aggregate 
absorption can be accurately determined for the mixture design, and 2) measured 
absorption of aggregate can be determined prior to batching concrete to assure design 
absorption has been reached or exceeded.  Adjustments can then be made to the mixture 
design if design absorption is not reached, and it may be necessary to adjust for specific 
gravity changes if the aggregate has absorbed more or less than the design value so that 
the proper amount of LWA can be batched and the concrete mixture designs yields as 
designed.  Accurately determining the absorption of LWA is an essential part of 
implementing IC concrete.   
 
There are several methods that could be used to determine the absorption of lightweight 
aggregate.  ASTM C1761-13b specifies the use of a method often referred to as the “paper 
towel method.”  In this method, pre-wetted fine lightweight aggregate is dried manually 
by patting a sample with paper towels until moisture no longer appears on the paper 
towels.  At this time, the aggregate is deemed to be in the pre-wetted, surface-dry 
condition (ASTM C1761-13b, 2013).  While this method is effective for coarse aggregate, 




the paper towels and lost during drying.  The standard only specifies the use of paper 
towels that are “commercial grade, either folded type or roll type.”  This may lead to 
inconsistencies in measurements due to the varying absorptive capacities of commercial  
grade paper towels.  Some paper towels will inherently absorb fluid from smaller surface 
pores than others.  Another, and potentially larger, source of error may be introduced by 
the operator of the test.  The standard does not specify how hard to press the surface of 
the aggregate against the paper towel.  It is possible to lightly pat the surface of the 
aggregate with the paper towel and observe no visible moisture on the towel, but if 
pressure is applied to the paper towel on the aggregate it may pull moisture from the 
surface pores.  The demarcation of the pre-wetted surface-dry condition of the aggregate 
is largely subjective in ASTM C1761-13b, which can lead to discrepancies between 
multiple people performing the same test on the same aggregate stockpile.  
 
The “centrifuge method” is an alternative test which has recently been evaluated for 
internal curing applications (Miller et al., 2014b).  In this method, a sample of a pre-wetted 
lightweight aggregate stockpile is placed in a centrifuge.  Surface moisture (free moisture) 
is then extracted from the aggregate as the centrifuge rotates at 2000 rpm for 3 minutes.  
At the conclusion of this 3 minute period, the aggregate is considered to be in the pre-
wetted surface-dry condition.  Whereas the paper towel method depends on absorptive 
capacity of paper towel used and pressure applied to the paper towel when patting dry, 




The centrifuge method will consistently remove water from the surface and from surface 
pores of the same radius.   
 
There is limited availability of precision and bias for either test.  There are no bias 
statements because no accepted reference values for lightweight aggregate exist.  ASTM 
C1761-13b has a statement on pooled single operator single laboratory standard 
deviation of 0.3% for absorption.  This was determined by testing LWA from four sources 
after submersion in water for 72 hours.  The value of 72 hour absorption ranged from 9% 
to 28% for the four aggregates (ASTM C1761-13b, 2013).  The goal of this paper was to 
provide a similar precision statement to the one listed in ASTM C1761-13b and to provide 
a statement for multi-user single laboratory precision for both the paper towel method 
and the centrifuge method.  
 
3.2 Experimental Program 
The experimentation was broken into two parts.  In the first part, the centrifuge method 
was used by a single user on LWA from four different sources.  Aggregate would be pre-
wetted by submersion in water at room temperature for 24 hours prior to testing.  At 24 
hours, the water is decanted from the aggregate using care to avoid loss of fines.  The 
aggregate was stirred to reduce segregation that may have occurred while soaking and 
decanting.  600 grams of the aggregate was then placed in a centrifuge bowl of known 
mass.  The centrifuge bowl was then placed in the centrifuge unit, covered with 4 µm filter 




run for 3 minutes at a speed of 2000 rpm.   The mass of the bowl and pre-wetted surface-
dry aggregate was then recorded.  The aggregate was then oven-dried to constant mass 
(±0.1 g) at 105 ˚C, and the mass of oven-dry aggregate was recorded.  Absorption was 
then calculated using Equation 3.1. 
 




In Equation 3.1, MPSD refers to the mass of the pre-wetted surface-dry aggregate and MOD 
refers to the mass of the oven-dry aggregate.  The pooled single operator standard 
deviation of absorption for one laboratory could then be determined and compared to 
that of the paper towel method.   
 
In the second part of this study, multiple operator single laboratory precision data was to 
be obtained from twenty-five users.  For this portion, the test method procedure was not 
explained or taught to the operators.  Each operator was provided with a copy of ASTM 
C1761-13b and a copy of the procedure for the centrifuge method as described by Miller 
et al.  Each operator was provided with access to all materials and tools listed in the 
specifications.  For safety, each operator was trained on the centrifuge, but no instruction 
on the method was given.  Lightweight aggregate from three different sources was used.  
Each operator was presented with a pan of unidentified lightweight aggregate that had 
been pre-wetted for 24 hours.  The operator first performed the specified ASTM C1761-




aggregate sample.  A representative sample of 500-750 grams was transferred to a non-
absorbent surface covered in paper towels. Aggregate was exposed to a gently moving 
current of air and then surface of the aggregate was patted with paper towels.  The 
aggregate was stirred frequently and the bottom paper towels were to be replaced 
whenever they became too saturated to absorb moisture.  This process was repeated 
until a clean paper towels no longer showed any sign of moisture after patting the LWA.  
This mass was recorded as the pre-wetted surface-dry mass.  The aggregate was then 
oven-dried, and the mass of the oven-dry aggregate was recorded.  Absorption was 
calculated using Equation 3.1. 
 
After performing the paper towel method, the operator then used the centrifuge method 
to determine the absorption of a separate sample of the same unidentified aggregate.  
The procedure for the centrifuge method was the same as previously described.  The 
absorption of the LWA was again calculated using the previously described equation.    
 
In addition to obtaining the absorption from the paper towel method and the centrifuge 
method, test durations were also recorded by each user.  For both tests, the beginning of 
the test was considered to be when the decanted aggregate was separated from the 
sample for the test.  The end of the test was considered to be when the aggregate was 





3.3 Results and Discussion 
The first experiment sought to establish a comparison of the single operator single 
laboratory precision of the centrifuge method to the precision listed in ASTM C1761-13b 
for absorption.  Four lightweight aggregates from different sources were submerged in 
water for 24 hours and tested using the aforementioned procedure.  Each aggregate was 
tested six times.  The results of this testing can be seen in Table 3.1.  
  












Buildex Marquette 20.13 0.43 0.021 
Stalite 8.98 0.06 0.007 
Trinity* Boulder 18.84 0.18 0.010 
Utelite 18.38 0.19 0.010 
Pooled Standard Deviation (%) 0.25 - 
Average Coefficient of Variation - 0.012 
*Formerly TXI    
 
ASTM C1761-13b provides a precision statement for using the paper towel method to test 
absorption for a single user and single laboratory.  The paper towel method has a pooled 
single operator standard deviation of 0.3%.  The results in Table 3.1 show that the pooled 





The second experiment examined precision of both the paper towel method and the 
centrifuge method for absorption when multiple users perform the test.  Three 
lightweight aggregates from different sources were submerged in water for 24 hours and 
tested using the methods outlined in the experimental program section of this paper.  
Twenty-five operators followed the procedures to the best of their abilities without 
receiving training on the methods.  Absorption results and test duration were then 
reported for each test, as seen in Table 3.2 and Table 3.3. 
 
Table 3.2:  Results from multiple operator single laboratory variability testing for 
absorption using the paper towel test 











Buildex Marquette 21.26 2.26 0.106 
Stalite 10.51 4.91 0.467 
Utelite 21.75 5.34 0.246 
Pooled Standard Deviation (%) 4.51 - 
Average Coefficient of Variation - 0.273 
 
Table 3.3:  Results from multiple operator single laboratory variability testing for 
absorption using the centrifuge method 











Buildex Marquette 20.18 0.56 0.028 
Stalite 8.47 0.27 0.032 
Utelite 18.96 0.47 0.025 
Pooled Standard Deviation (%) 0.45 - 




Neither method has an established precision for multiple users.  Following the ASTM 
C1761-13b standard for the paper towel test, pooled standard deviations were calculated 
as a measure of precision.  The paper towel method saw a multiple user pooled standard 
deviation of 4.5%, while the centrifuge method had a multiple user pooled standard 
deviation of 0.45%.  This finding is significant, as it shows that the centrifuge method could 
improve precision between users by an order of magnitude.  The average coefficient of 
variation was also calculated for the three aggregates.  Again, the centrifuge was ten 
times as precise, as the average coefficient of variation was 0.273 for the paper towel test 
and 0.028 for the centrifuge method.  Table 3.4 shows the average test duration for both 
the paper towel method and the centrifuge method.  
  
Table 3.4:  Observed testing durations for twenty-five operators performing the paper 









Paper Towel 42 13.2 
Centrifuge 12 5.0 
 
Among twenty-five users, the paper towel method took an average of 42 minutes, while 
the centrifuge method took 12 minutes.  This time savings seen by using the centrifuge 
method is substantial, especially when considering quality control operations while 




method would allow for absorption verification and moisture corrections to easily be 
made at the start of each day and throughout the day.   
 
3.4 Summary and Conclusions 
This chapter evaluated the use of two methods that are used to determine the absorption 
of pre-wetted lightweight fine aggregate.  Precision data was previously only available for 
single operator, single laboratory testing using the paper towel method (ASTM C1761-
13b) and no data was available for the centrifuge method.  The first experiment provided 
single operator, single laboratory absorption precision data for the centrifuge method so 
that the two methods could be compared.  The results showed that centrifuge method 
had slightly better single operator, single laboratory precision (0.25%) than the paper 
towel method (0.3%).  The second experiment built upon the first, providing multiple 
operator, single laboratory precision statements for both the paper towel method and 
the centrifuge method.  Twenty-five operators performed both tests.  Results from 
absorption measurements showed the centrifuge method to be approximately ten times 
more precise than the paper towel method.  In addition, test durations were recorded for 
both methods.  The paper towel method took an average of 42 minutes to perform, while 
the centrifuge method averaged 12 minutes to perform.   
 
The centrifuge method is a potential improvement on the currently specified paper towel 
method.  The experiments performed show that the centrifuge method is slightly more 




absorption on the same pre-wetted lightweight aggregate.  This increase in precision will 
allow for mixture design and moisture corrections to be made with accuracy, repeatability, 
and confidence.  In addition, the centrifuge method is a considerably more rapid test for 
determining the moisture properties of pre-wetted lightweight aggregate.  Decreasing 
the time to perform the test will allow for rapid moisture corrections to be made to 
internally cured concrete mixture designs.  This chapter has shown that the centrifuge 
method may potentially increase the speed and precision of LWA characterization and IC 





CHAPTER 4. MIXTURE DESIGN OF INTERNALLY CURED CONCRETE 
4.1 Introduction 
This chapter describes a step-by-step procedure that can be used both in the laboratory 
and in the field to obtain the properties of the pre-wetted lightweight aggregate that can 
be used in the design (i.e. proportioning) of internally cured mixtures.  This chapter 
outlines how to use the pre-wetted lightweight properties to adjust the mixture design 
during batching.    This method begins by using the centrifuge method, as it has been 
shown to consistently and accurately enable the lightweight aggregate to be conditioned 
to the pre-wetted surface-dry state (Miller et al., 2014b, Miller et al., 2014c).  Aggregate 
can be soaked (for 24-hour design values) or taken from the pre-wetted aggregate 
stockpile (for batching values) and tested in the centrifuge as described in Chapter 2 of 
this thesis to attain information about the properties of the aggregate including 
absorption, desorption, and specific gravity.  These properties are all important when 
designing an internally cured concrete mixture (Bentz et al., 2005, Bentz and Weiss, 2011, 
Barrett et al., 2014).  While knowing how to perform these tests properly is significant, it 
is equally important that they are implemented into the concrete mixture design properly.   
 
This chapter begins by describing a series of steps that can be followed to easily 
implement internal curing in the field.  First, a lightweight aggregate should be selected 
48 
as an internal curing agent.  This lightweight aggregate must then be characterized for 
absorption, desorption, and specific gravity.   
 
Laboratory testing can be performed after a pre-wetting period of time.  Currently, ASTM 
C1761-13b specifies that this testing is done after 72 hours of soaking in water; however, 
research at Purdue has focused on values after 24 hours (ASTM C1761-13b, 2013).  There 
can be complications when using a 72 hour design properties.  Many field trials do not 
provide sufficient time for 72 hour conditioning.  In the field, there may be many reasons 
that the 72 hour design parameters are not reached, and it is possible that the mixture 
will be left with insufficient internal curing or yield improperly.  Using 24 hour properties  
instead of 72 hour properties will solve many of these problems.  The 24 hour absorption 
and specific gravity will be smaller than that at 72 hours.  When these parameters are 
used, a larger volume of lightweight aggregate will be used, and is therefore more 
conservative.  Then, on the day of casting, the aggregate should contain a larger amount 
of absorbed water (also a larger specific gravity).  Rather than reproportioning the mixture, 
the volume of lightweight aggregate will remain fixed and the specific gravity will be used 
to adjust batch weights for additional absorbed water.  In this case, the mixture will have 
the complete internal curing benefits without having to totally redesign the mixture.  
Worksheets have been created to simplify the testing process and to make it easy to 
follow.  The proper way to use these sheets will be explained in further detail in the 
following section.  Once this data has been obtained, it is possible to use it to design the 




Second, this chapter describes how a plain concrete mixture (non-internally cured) can 
be adjusted to enable it to provide internal curing.  This could be a mixture designed 
following ACI 211 or a mixture that a ready-mix producer has produced before and feels 
comfortable and confident in producing consistently (the second is recommended when 
available).   A spreadsheet has been developed to input the plain mixture and proportions  
and properties of the lightweight aggregate material.  The worksheet will provide a series 
of calculations to calculate the amount of internal curing water needed to completely 
account the volume reduction from chemical shrinkage. 
 
Third, the chapter discusses the spreadsheet provided as an approach to perform mixture 
adjustments at the time of production.  Once the internally cured mixture has been 
designed, it is probable that it will have to be adjusted on the day of batching in the field 
for varying absorption and specific gravity (due to pre-wetting durations that differ from 
24 hours soaking under water).  The design spreadsheet also has inputs for the properties 
determined on the day of production, and this chapter will show how to use this to assure 
that the mixture retains its internal curing capabilities while achieving proper yield.   
 
While batching systems may vary, it is common for the system inputs to be saturated 
surface-dry design weight, absorption, total moisture, and specific gravity.  The system 
then calculates free moisture (surface moisture) by subtracting absorption from total 
moisture.  Many of these batching systems have built in limits for these values.  It is 




limits due to its high absorption capacity and the pre-wetting duration leaving the 
stockpile with large amounts of free moisture.  If this is the case, it is often necessary to 
“trick” the computer system into batching the right amount of lightweight aggregate.  This 
can be accomplished by setting the absorption input to 0% and setting the total moisture 
to the value of free moisture.  The batching system will then account for the free moisture 
correctly. 
 
This chapter is intended to serve as a guide for the implementation of internal curing in 
the field.  It provides a list of steps that can be followed to characterize the lightweight 
aggregate to be used in the internally cured system, to design the concrete mixture, and 
to adjust the mixture on the day of production for properties that have changed.   
 
4.2 Obtaining Fine Lightweight Aggregate Properties for Mixture Design  
As previously stated, the first step in designing an internally cured mixture is to obtain the 
properties of the lightweight aggregate to be used in the mixture.  This testing can be 
performed in the laboratory to obtain an absorption value at any time.  I advocate 
determining this value after 24 hours of soaking.  
 
4.2.1 Laboratory Testing of Lightweight Aggregate Absorption 
To begin the 24 hour laboratory absorption testing, the lightweight aggregate should be 
oven dried.  This is done by placing the aggregate in an oven at 110 ± 5 ˚C (230 ± 10 ˚F) 




oven is not available, it is acceptable to use a hot plate or equivalent device to dry the 
aggregate to a constant mass.  The aggregate is then removed from the oven and allowed 
to cool.  At this time, the aggregate can be submerged in a container of water and allowed 
to soak for 24 hours.  This is typically done in a 5 gallon bucket.  After a period of 24 hours, 
the excess water can be decanted (drained from the aggregate).  Care must be taken to 
avoid loss of fine material when decanting the excess water.  The pre-wetted lightweight 
aggregate should then be stirred to eliminate segregation that may have occurred while 
soaking.   
 
At this point, the 24 hour absorption of the pre-wetted lightweight aggregate can be 
determined.  To do this, the worksheet shown in Table 4.1 has been created to aid in 






Table 4.1: Worksheet used for laboratory and field determination of absorption, surface 




Measure mass of empty centrifuge bowl M1Measure mass of pre-wetted lightweight aggregate added to tared centrifuge bowl (600 ± 5 g) MWETMeasure mass of centrifuge bowl and pre-wetted surface-dry aggregate after centrifugation M2Calculate mass of pre-wetted surface dry aggregate, MPSD MPSD = M2 - M1Measure mass of empty pan used for oven-drying aggregate M3Measure mass of pan and oven dry aggregate M4
Calculate mass of oven-dry aggregate, MOD MOD = M4 - M3
Results




Sample Information: Sample Date:Sampled By: Sample Time:notes:
Absorption, Surface Moisture, and Total Moisture 




The following section describes a series of steps to use Table 4.1 to obtain the absorption, 
surface moisture, and total moisture of the pre-wetted lightweight aggregate.   
1) The mass of the empty centrifuge bowl must be measured and recorded as M1. 
2) Tare the scale with the centrifuge bowl on top.    Add approximately 600 grams of 
pre-wetted lightweight aggregate to the centrifuge bowl.  Record the mass of pre-
wetted aggregate added to the centrifuge bowl as MWET. 
3) Remove the centrifuge bowl from the scale.  In order to avoid vibration during 
centrifugation, the material should be evenly distributed in the centrifuge bowl.  
This can be easily done by holding the bowl level and shaking it with a circular 
motion.   
4) Place the centrifuge bowl in the centrifuge.   On top of the centrifuge bowl, place 
a filter paper ring and lid and secure the assembly with the nut.  Place the outer 
housing over the assembly and fasten it with clamps.  At this point, the sample is 
ready for centrifugation.   
5) Turn the centrifuge on, and select 2000 rpm as the testing speed.  Allow the 
sample to spin for three minutes at this speed.  After three minutes, turn the 
centrifuge off.  Once the bowl has stopped spinning, remove the outer housing, 
lid nut, lid, and centrifuge paper.   
6) Remove the centrifuge bowl.  Tare the scale.  Place the bowl on the scale, and 





7) The mass of the empty centrifuge bowl (M1) must be subtracted from M2 to obtain 
the mass of the pre-wetted surface-dry aggregate (MPSD).  The spreadsheet will 
automatically make this calculation.   
8) Record the weight of an empty pan to be used for oven-drying the aggregate as 
M3.  Transfer the material from the centrifuge bowl to the pan for oven-drying.  It 
may be necessary to use a scraper and a brush to remove aggregate that has been 
pressed to the side of the centrifuge bowl.  Care should be taken to assure that all 
material from the centrifuge bowl is transferred to the pan. 
9) Place the pan and aggregate in an oven at 110 ± 5 ˚C (230 ± 10 ˚F) until constant 
mass is reached.  If an oven is not available, it is acceptable to use a hot plate or 
other device to reach an oven dried state.   
10) Once the aggregate has been oven-dried, remove it from the oven and allow it to 
cool.   
11) Measure the mass of the pan and oven-dry aggregate and record it as M4. 
12) The mass of the oven-dry aggregate (MOD) can be calculated by subtracting M3 
from M4. 
13) The 24 hour absorption can be determined following the absorption equation in 






4.2.2 Laboratory Testing of Lightweight Aggregate Relative Density (Specific Gravity) 
Next, the relative density of the aggregate after 24 hours of soaking should be determined.  
To begin the 24 hour laboratory relative density testing, the lightweight aggregate should 
be oven dried.  This is done by placing the aggregate in an oven at 110 ± 5 ˚ C (230 ± 10 ˚F) 
until constant mass is attained (usually, this is achieved after 24 hours in the oven).  If an 
oven is not available, it is acceptable to use a hot plate or equivalent device to dry the 
aggregate to a constant mass.  The aggregate is then removed from the oven and allowed 
to cool.  At this time, the aggregate can be placed in a container of water and allowed to 
soak for 24 hours.  This can be done in a 5 gallon bucket.  After a period of 24 hours, the 
excess water can be decanted (drained from the aggregate).  Care must be taken to avoid 
loss of fine material when decanting the excess water.  The pre-wetted lightweight 
aggregate should then be stirred to eliminate segregation that may have occurred while 
soaking.   
 
At this point, the 24 hour relative density of the pre-wetted lightweight aggregate can be 
determined.  To do this, the worksheet shown in Table 4.2 has been created to aid in 












Measure mass of pycnometer filled to calibration mark MPWMeasure mass of pre-wetted surface-dry lightweight aggregate added to tared empty pycnometer (~300 g) MPSDMeasure mass of pycnometer with pre-wetted surface-dry lightweight aggregate and water to calibration mark MPSMeasure mass of empty pan used for oven-drying aggregate M5Measure mass of pan and oven dry aggregate M6
Calculate mass of oven-dry aggregate, MOD MOD = M6 - M5
Results
Calculate desired properties Result ValuePre-Wetted Surface-Dry Relative DensityOven-Dry Relative Density
Material: Sample Date:Sampled By: Sample Time:notes:
Relative Density
Relative Density (PSD) =  MPSDMPW + MPSD −MPS




A pycnometer is required to test the specific gravity.  Either a mason jar or volumetric 
flask style pycnometer (shown in Figure 4.1) may be used.   
 
                    
Figure 4.1:  Examples of pycnometers that can be used for determining the specific 
gravity of pre-wetted lightweight aggregate (mason jar style shown at left and 
volumetric flask shown at right) (Capitol Scientific, 2014, Test Mark Industries, 2014) 
 
The following section describes a series of steps to use Table 4.2 to measure the relative 
density of the pre-wetted lightweight aggregate. 
 
1) The mass of the pycnometer filled with water to the calibration mark should be 
measured and recorded as MPW.   
2) Remove the water from the pycnometer. 
3) Tare the scale with the centrifuge bowl on top.    Add approximately 600 grams of 




4) Remove the centrifuge bowl from the scale.  In order to avoid vibration during 
centrifugation, the material should be evenly distributed in the centrifuge bowl.  
This can be easily done by holding the bowl level and shaking it with a circular 
motion.   
5) Place the centrifuge bowl in the centrifuge.   On top of the centrifuge bowl, place 
a filter paper ring and lid and secure the assembly with the nut.  Place the outer 
housing over the assembly and fasten it with clamps.  At this point, the sample is 
ready for centrifugation.   
6) Turn the centrifuge on, and select 2000 rpm as the testing speed.  Allow the 
sample to spin for three minutes at this speed.  After three minutes, turn the 
centrifuge off.  Once the bowl has stopped spinning, remove the outer housing, 
lid nut, lid, and centrifuge paper.   
7) The empty pycnometer is then placed on the scale and the scale is tared.   
8) Add approximately 300 g of pre-wetted surface-dry material from the centrifuge 
bowl to the pycnometer, and record the added mass as MPSD. 
9) Add water to the pycnometer to cover the aggregate (fill to about 2/3 of the 
capacity of the pycnometer).  The pycnometer must then be agitated to eliminate 
all air bubbles.  The pycnometer can be rolled, tapped, or shaken to do this.  This 
step can take in excess of 10 minutes to eliminate all entrapped air bubbles.   
10) Once air bubbles are no longer visible, fill the pycnometer with water to the 
calibration mark.   Tare the scale.  Place the pycnometer with sample and water 




11) Calculate the 24 hour pre-wetted surface-dry specific gravity as described in the 
Results section of the worksheet.  The spreadsheet will automatically calculate 
this value. 
 
The pre-wetted surface-dry specific gravity is the specific gravity that should be used in 
the SSD design of the internally cured mixture; however, it is common for this number to 
change by the day of production.  Specific gravity is dependent on the amount of 
absorbed water in the aggregate.  It beneficial to also calculate the oven-dry specific 
gravity, as this value can later be used to calculate the specific gravity at any absorption 
value.  The following steps, continued from the procedure above, describe how to do this. 
 
12) Measure the mass of an empty pan that will be used to oven-dry the contents of 
the pycnometer and record this as M5.   
13) Empty the water and aggregate from the pycnometer into the pan.  The excess 
water can be drained, but it is very important to not lose any fine material (any 
excess water in the pan will be boiled off in the oven, so it is acceptable to have 
free water in the pan).   
14) Place the pan with aggregate in an oven at  110 ± 5 ˚ C (230 ± 10 ˚F) until a constant 
mass is attained.   
15) Remove the pan from the oven, allow it to cool, and record the mass of the pan 




16) The oven-dry mass of the aggregate can then be determined by subtracting M5 
from M6.   
17) Calculate the oven-dry specific gravity of the lightweight aggregate using the 
equation shown in the Results section of the worksheet.  The spreadsheet will 
automatically calculate this result.   
The equation for calculating oven-dry relative density is shown below as Equation 4.1, 
and the equation for calculating pre-wetted surface-dry relative density is shown below 
as Equation 4.2. 
𝑅𝑅𝐴𝐴𝑅𝑅𝐴𝐴𝑡𝑡𝐴𝐴𝑅𝑅𝐴𝐴 𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑡𝑡𝐷𝐷 (𝑂𝑂𝐷𝐷) = 𝑀𝑀𝑂𝑂𝑃𝑃
𝑀𝑀𝑃𝑃𝐿𝐿 +𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃 − 𝑀𝑀𝑃𝑃𝑃𝑃 [4.1] 
𝑅𝑅𝐴𝐴𝑅𝑅𝐴𝐴𝑡𝑡𝐴𝐴𝑅𝑅𝐴𝐴 𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑡𝑡𝐷𝐷 (𝑃𝑃𝐶𝐶𝐷𝐷) = 𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃
𝑀𝑀𝑃𝑃𝐿𝐿 + 𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃 −𝑀𝑀𝑃𝑃𝑃𝑃 [4.2] 
 
It should be noted that, when calculating the relative density in the oven-dry state and 
when calculating relative density in the pre-wetted surface dry state, the only difference 
in the equation is the term in the numerator (MOD is changed to MPSD).  For a given sample 
of lightweight aggregate, the relationship between oven-dry mass and pre-wetted 
surface-dry mass is given using the absorption, as shown in Equation 4.3. 
 





Using this relationship, we can calculate the pre-wetted surface-dry specific gravity of that 
aggregate at any known absorption using Equation 4.4. 
 
𝑅𝑅𝐴𝐴𝑅𝑅𝐴𝐴𝑡𝑡𝐴𝐴𝑅𝑅𝐴𝐴 𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑡𝑡𝐷𝐷 (𝑃𝑃𝐶𝐶𝐷𝐷) = 𝑅𝑅𝐴𝐴𝑅𝑅𝐴𝐴𝑡𝑡𝐴𝐴𝑅𝑅𝐴𝐴 𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑡𝑡𝐷𝐷 (𝑂𝑂𝐷𝐷) × (1 +𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑟𝑟𝑝𝑝𝑡𝑡𝐴𝐴𝐴𝐴𝐴𝐴) [4.4] 
 










4.2.3 Laboratory Testing of Lightweight Aggregate Desorption  
Desorption can be determined for the pre-wetted lightweight aggregate.  This property 
should be checked periodically to confirm that the aggregate still has a desorption that is 
favorable for internal curing.  Table 4.3 has been created to assist in performing this 








Measure mass of empty pan for desorption sample M7Measure mass of pre-wetted surface-dry lightweight aggregate added to tared empty pan (~5 g) MPSDDay 1Day 2Day 3Day 4Day 5Day 6Day 7Day 8Day 9Day 10MEQCalculate mass of aggregate at equilibrium M94 = MEQ -  M7Measure mass of pan and oven dry aggregate M8Calculate mass of oven-dry aggregate, MOD MOD = M8 - M7Calculate mass of water in M94 sample MW94 = M94 - MODCalculate total mass of water in pre-wetted surface-dry sample MWPSD = MPSD - MOD
Results
Calculate desired properties Result ValueMass of water released at 94% RH
% Desorption
Material: Sample Date:Sampled By: Sample Time:notes:
Desorption
Measure mass of pan and sample every 24 hours to determine equilibrium mass                                                             (MEQ , ± 0.01 g from previous day's mass)
Percent Desorption =  MWPSD −MW94MWPSD × 100




This test requires the use of a chamber capable of maintaining a relative humidity of 94% 
and a scale with accuracy of at least 0.01 g.  This is typically done by placing a 
supersaturated salt solution in an airtight container.  To maintain 94% relative humidity, 
supersaturated Potassium Nitrate (KNO3) solution is used and the temperature must be 
kept at 23 ± 1˚C (Greenspan, 1977).  An example of one such setup is shown in Figure 4.3. 
 
 
Figure 4.3:  Example of a 94% relative humidity chamber used for desorption testing 
 
Figure 4.3 shows a chamber with a shelf at mid-height.  Supersaturated KNO3 solution sits 
on the bottom shelf, while the specimens being tested sit above the solutions.  A relative 
humidity sensor is included in the chamber so that this can be monitored.  This can also 
be achieved using a mason jar or another type of vessel that can be sealed.  The saturated 
salt solution is then made in the bottom of the jar.  Then, wire fabric or some other 




To begin the desorption test, the test sample must first be conditioned.  The lightweight 
aggregate should be oven dried.  This is done by placing the aggregate in an oven at 110 
± 5 ˚C (230 ± 10 ˚F) until constant mass is attained (usually, this is achieved after 24 hours 
in the oven).  If an oven is not available, it is acceptable to use a hot plate or equivalent 
device to dry the aggregate to a constant mass.  The aggregate is then removed from the 
oven and allowed to cool.  At this time, the aggregate can be placed in a container of 
water and allowed to soak for 24 hours.  This can be done in a 5 gallon bucket.  After a 
period of 24 hours, the excess water can be decanted (drained from the aggregate).  Care 
must be taken to avoid the loss of fine material when decanting the excess water.  The 
pre-wetted lightweight aggregate should then be stirred to eliminate segregation that 
may have occurred while soaking.  The aggregate is now prepared for testing. 
 
The following section describes a series of steps to use Table 4.3 to measure the 
desorption of the pre-wetted lightweight aggregate. 
 
1) Measure the mass of an empty pan (a petri dish could work) that will hold the 
sample throughout the test and record this mass as M7.   
2) Tare the scale with the centrifuge bowl on top.    Add approximately 600 grams of 
pre-wetted lightweight aggregate to the bowl. 
3) Remove the centrifuge bowl from the scale.  In order to avoid vibration during 




This can be easily done by holding the bowl level and shaking it with a circular 
motion.   
4) Place the centrifuge bowl in the centrifuge.   On top of the centrifuge bowl, place 
a filter paper ring and lid and secure the assembly with the nut.  Place the outer 
housing over the assembly and fasten it with clamps.  At this point, the sample is 
ready for centrifugation.   
5) Turn the centrifuge on, and select 2000 rpm as the testing speed.  Allow the 
sample to spin for three minutes at this speed.  After three minutes, turn the 
centrifuge off.  Once the bowl has stopped spinning, remove the outer housing, 
lid nut, lid, and centrifuge paper.   
6) Stir the sample in the centrifuge bowl to minimize any segregation that may have 
occurred during centrifugation.   
7) Tare the empty pan on the scale.  Add approximately 5 grams of the pre-wetted 
surface-dry material to the pan and record this as MPSD in the worksheet.   
8) Place the pan in the 94% relative humidity chamber. 
9) Measure the mass of the sample every 24 hours and record these measurements  
as Day 1, Day 2, etc. 
10) Repeat daily measurements until the change in mass between two 24 hour 
measurements is less than 0.01 g. When this criterion is reached, the final mass 
measurement is recorded as MEQ.   
11) Place the aggregate and pan in an oven at 110 ± 5 ˚C (230 ± 10 ˚F) until constant 




12) Remove the pan from the oven, allow it to cool, and record the mass as M8. 
13) Calculate the mass of water in the aggregate in the pre-wetted surface-dry 
condition (MWPSD) and the mass of water in the aggregate at equilibrium in the 94% 
relative humidity chamber (MW94) as described in the worksheet.  If the 
spreadsheet is used, these values will be automatically calculated.  
14) Calculate the desorption of the aggregate as described in the worksheet.  If the 
spreadsheet is used, these values will be automatically calculated.  
 
4.2.4 Field Testing of Lightweight Aggregate Absorption and Surface Moisture 
Absorption must again be tested in the field on the day of production.  It is essential to 
confirm that the absorption is above the design value so that the system will contain the 
designed amount of internal curing water.  Additionally, the surface moisture (free 
moisture) is needed so that the batch water can be adjusted.  It is common for contracts 
to require a period of pre-wetting (usually at least 48 hours) followed by a draining period 
(usually at least 12 hours).  On the day of production, begin by obtaining a sample of pre-
wetted lightweight aggregate from the stockpile.  The stockpile should be turned by the 
loader operator before this sample is taken to obtain a representative sample.   
 
At this point, the in-situ absorption and surface moisture of the pre-wetted lightweight 
aggregate can be determined.  To do this, the worksheet shown in Table 4.1 can be used 
again.  The following section describes a series of steps to use Table 4.1 to get the 




1) The mass of the empty centrifuge bowl must be measured and recorded as M1. 
2) Tare the scale with the centrifuge bowl on top.    Add about 600 grams of pre-
wetted lightweight aggregate to the bowl.  Record the mass of pre-wetted 
aggregate added to the bowl as MWET. 
3) Remove the centrifuge bowl from the scale.  In order to avoid vibration during 
centrifugation, the material should be evenly distributed in the centrifuge bowl.  
This can be easily done by holding the bowl level and shaking it with a circular 
motion.   
4) Place the centrifuge bowl in the centrifuge.   On top of the centrifuge bowl, place 
a filter paper ring and lid and secure the assembly with the nut.  Place the outer 
housing over the assembly and fasten it with clamps.  At this point, the sample is 
ready for centrifugation.   
5) Turn the centrifuge on, and select 2000 rpm as the testing speed.  Allow the 
sample to spin for three minutes at this speed.  After three minutes, turn the 
centrifuge off.  Once the bowl has stopped spinning, remove the outer housing, 
lid nut, lid, and centrifuge paper.   
6) Remove the centrifuge bowl.  Tare the scale.  Place the bowl on the scale, and 
record the mass of the pre-wetted surface-dry aggregate and the centrifuge bowl 
as M2. 
7) The mass of the empty centrifuge bowl (M1) must be subtracted from M2 to obtain 
the mass of the pre-wetted surface-dry aggregate (MPSD).  The spreadsheet will 




8) Record the weight of an empty pan to be used for oven-drying the aggregate as 
M3.  Transfer the material from the centrifuge bowl to the pan for oven-drying.  It 
may be necessary to use a scraper and a brush to remove aggregate that has been 
pressed to the side of the centrifuge bowl.  Care should be taken to assure that all 
material from the centrifuge bowl is transferred to the pan. 
9) Place the pan and aggregate in an oven at 110 ± 5 ˚C (230 ± 10 ˚F) until constant 
mass is reached.  If an oven is not available, it is acceptable to use a hot plate or 
other device to reach an oven dried state.   
10) Once the aggregate has been oven-dried, remove it from the oven and allow it to 
cool.   
11) Measure the mass of the pan and oven-dry aggregate and record it as M4. 
12) The mass of the oven-dry aggregate (MOD) can be calculated by subtracting M3 
from M4. 
13) The absorption and surface moisture can be determined following the equations 
in the Results section of the worksheet.  The spreadsheet will calculate the 
absorption and surface moisture automatically. 
 
4.2.5 Field Testing of Lightweight Aggregate Relative Density (Specific Gravity) 
As previously discussed in Section 4.2.2, the specific gravity will change as the absorption 
changes.  The specific gravity will have to be retested in the field on the day of production.  
On the day of production, begin by obtaining a sample of pre-wetted lightweight 




before this sample is taken to obtain a representative sample.  To do this, the worksheet 
shown in Table 4.2 can be used again to aid in calculations.  The following section 
describes a series of steps to use Table 4.2 to get the relative density of the pre-wetted 
lightweight aggregate.   
 
1) The mass of the pycnometer filled with water to the calibration mark should be 
measured and recorded as MPW.   
2) Remove the water from the pycnometer. 
3) Tare the scale with the centrifuge bowl on top.    Add approximately 600 grams of 
pre-wetted lightweight aggregate to the bowl. 
4) Remove the centrifuge bowl from the scale.  In order to avoid vibration during 
centrifugation, the material should be evenly distributed in the centrifuge bowl.  
This can be easily done by holding the bowl level and shaking it with a circular 
motion.   
5) Place the centrifuge bowl in the centrifuge.   On top of the centrifuge bowl, place 
a filter paper ring and lid and secure the assembly with the nut.  Place the outer 
housing over the assembly and fasten it with clamps.  At this point, the sample is 
ready for centrifugation.   
6) Turn the centrifuge on, and select 2000 rpm as the testing speed.  Allow the 
sample to spin for three minutes at this speed.  After three minutes, turn the 
centrifuge off.  Once the bowl has stopped spinning, remove the outer housing, 




7) The empty pycnometer is then placed on the scale and the scale is tared.   
8) Add approximately 300 g of pre-wetted surface-dry material from the centrifuge 
bowl to the pycnometer, and record the added mass as MPSD. 
9) Add water to the pycnometer to cover the aggregate (fill to about 2/3 of the 
capacity of the pycnometer).  The pycnometer must then be agitated to eliminate 
all air bubbles.  The pycnometer can be rolled, tapped, or shaken to do this.  This 
step can take in excess of 10 minutes to eliminate all entrapped air bubbles.   
10) Once air bubbles are no longer visible, fill the pycnometer with water to the 
calibration mark.   Tare the scale.  Place the pycnometer with sample and water 
filled to the calibration mark on the scale and record this mass as MPS.   
11) Calculate the pre-wetted surface-dry specific gravity as described in the Results 
section of the worksheet.  The spreadsheet will automatically calculate this value. 
 
The pre-wetted surface-dry specific gravity is the specific gravity that should be used in 
the SSD design of the internally cured mixture.  It should be noted that this value can be 
calculated as discussed in Section 4.2.2 using the known value of oven-dry specific gravity 
and the absorption on the day of production.   
 
Once the absorption, surface moisture, specific gravity, and desorption have been 
calculated, the fourth tab of the testing spreadsheet (shown in Table 4.4) will auto-
populate and give the properties that are needed for the internally cured concrete 








Section 4.3 will discuss how these values are applied to the internally cured concrete 
mixture design.   
 
4.3 Using Fine Lightweight Aggregate Properties to Design and Internally Cure a 
Concrete Mixture 
Once 24 hour absorption, desorption, and relative density have been determined for the 
lightweight aggregate to be used to internally cure a concrete mixture, it is possible to 
design the internally cured mixture.  A spreadsheet, shown in Table 4.5, has been created 
to aid field technicians in internally curing any plain concrete mixture. 










Target Air, % 6.5% Ready Mix Input
w/c 0.421 LWA Input
 
Materials Weight SG (SSD) Volume, ft3
Cement 455 3.15 2.315
GGBFS 130 2.99 0.697
Fly Ash 0 2.64 0.000
Silica Fume 25 2.2 0.182
Sand 1231 2.623 7.521
Coarse Aggregate 1 1795 2.763 10.411
Coarse Aggregate 2 0 2.763 0.000
Water 257 1 4.119
Air 0 0 1.755
Σ 3893 - 26.999
LWA Absorption: 15.0%
LWA Desorption: 85.0%
LWA PSD Specific Gravity 1.750
Cement Factor 610
Chemical Shrinkage: 0.07
Degree of Hydration 1
PSD LWA Replacement 385
SSD Sand Replaced 577
% Volume Replacement 46.9%
Materials Weight SG (SSD) Volume, ft3
Cement 455 3.15 2.315
GGBFS 130 2.99 0.697
Fly Ash 0 2.64 0.000
Silica Fume 25 2.2 0.182
Sand 654 2.623 3.994
Lightweight Aggregate 385 1.750 3.527
Coarse Aggregate 1 1795 2.763 10.411
Coarse Aggregate 2 0 2.763 0.000
Water 257 1 4.119
Air 0 0 1.755







In Table 4.5, inputs shown in orange are typically obtained from the concrete producer, 
while inputs shown in green are obtained from the lightweight aggregate producer or 
testing agency.  This design method takes a plain (not internally cured) concrete mixture 
and converts it to an internally cured mixture based on the  assumption that the volume 
of internal curing water added is equal to the chemical shrinkage of the cementitious 
materials (Bentz et al., 2005).  Once the plain mixture design inputs are added, the 
lightweight aggregate properties (absorption, desorption, specific gravity) are then placed 
in cells under “Internal Curing Properties.”  Once these inputs have been added,   the 
sheet will automatically calculate the replacement of normal weight sand with pre-wetted 
lightweight aggregate.  The SSD design concrete mixture (based on lightweight aggregate 
properties determined after 24 hour laboratory testing) is then shown at the bottom of 
the spreadsheet in the section titled “IC Mixture Design.” 
 
The mixture design given by this approach assumes that the aggregate on the day of 
batching will have an absorbed moisture content equal to that of a 24 hour laboratory 
soak.  Many specifications require a pre-wetting time of at least 72 hours.  The increased 
soaking time typically leaves stockpiled aggregate with absorption greater than that of 
the 24 hour design absorption.  Because of this, the mixture must be slightly adjusted on 
the day of batching to achieve proper yield.  The entire mixture is not redesigned.  Instead, 
only the specific gravity of the lightweight aggregate is adjusted.  As long as the stockpiled 




benefit of internal curing.  The second sheet of the mixture design spreadsheet (shown in 
Table 4.6) makes this adjustment.   
 





The first column of Table 4.6 lists the materials in the mixture.  The second column uses 
the 24 hour design weights from Table 4.5.  The third column then adjusts the lightweight 
aggregate batch weight for the specific gravity on the day of batching (an input located at 
the top of this spreadsheet).  The free moisture of each aggregate is then listed in the 
fourth column.  The fifth column adjusts the batch weights to account for the surface 







Design SSD Weight 
based on 24 hour PSD 
absorption, lbs/yd3
Design SSD Weight to 









Cement 455 455 - 455 4095
GGBFS 130 130 - 130 1170
Fly Ash 0 0 - 0 0
Silica Fume 25 25 - 25 225
Sand 654 654 2.82% 672 6050
LWA 385 388 6.87% 415 3736
Coarse Aggregate 1 1795 1795 1.90% 1829 16462
Coarse Aggregate 2 0 0 2.00% 0 0
Water 257 257 - 178 1600
Air 0 0 - 0.0 0
Σ 3701 3704 - 3704 33338
Batch Size, yd3




spreadsheet) to output the target batch weights for the materials going into the concrete 
truck.   
 
As mentioned above, on the morning of batching, moisture properties of all aggregates 
should be determined.  For conventional normal-weight aggregates, it is common practice 
for surface moisture to be calculated by subtracting absorbed moisture from total 
moisture, where total moisture, absorbed moisture, and surface moisture are defined as: 
 




× 100 𝐵𝐵 −𝐶𝐶
𝐶𝐶
× 100 𝐴𝐴 −𝐵𝐵
𝐵𝐵
× 100 
Figure 4.4:  Depiction of total moisture, absorption, and surface moisture (free moisture)  
 
where A is the mass of wet aggregate or pre-wetted LWA (g), B is the mass of saturated 
surface-dry aggregate or mass of pre-wetted surface-dry LWA (g), and C is the mass of 




While this practice is acceptable for conventional aggregates, it is problematic for 
lightweight aggregates (Barrett et al., 2014).  This discrepancy can be seen by calculating 











As Equation 4.1 shows, the resulting surface moisture value is, by definition, incorrect by 
a factor of (B/C).  The reason for the difference between conventional and lightweight 
aggregates is two-fold.  Lightweight aggregate typically has a much higher absorption 
capacity than conventional normal weight aggregate.  Also, the pre-wetting period 
intended to make the LWA reach an appropriate absorption for internal curing leaves the 
lightweight aggregate stockpile with more surface moisture than a conventional 
aggregate stockpile.  Surface moisture should instead be calculated using the equation in 
the provided worksheet (Table 4.1). 
 
The absorption, surface moisture, and total moisture worksheet (Table 4.1) can be used 
again to calculate the absorption (to verify that the 24 hour design absorption has been 
met or exceeded) and surface moisture correctly.  Additionally, the relative density 
(specific gravity) should be retested in the field using the relative density worksheet 
(Table 4.2).  These day of batching properties are then input in the spreadsheet shown in 
Table 4.6.  This spreadsheet holds the volume of lightweight aggregate in the internally 




gravity.  The spreadsheet also calculates the target batch weights.  This allows the batch 
tickets to be checked to verify that batching tolerances were achieved.    
 
4.4 Summary and Conclusions 
This chapter served to discuss how to use developed spreadsheets to calculate properties 
of lightweight aggregate and how to implement these properties into the mixture design 
process for internally cured concrete.  The properties of the lightweight aggregate that 
are important for design are absorption, desorption, and relative density.  To make an 
initial design, these properties should be determined after a 24 hour soaking period.  Once 
the properties are obtained, any existing mixture can be internally cured using the 
mixture proportion design sheet.  It is then necessary to repeat testing using the same 
worksheets the day of batching in the field to make sure that the mixture is produced as 
designed.  The absorption needs to be checked to make sure that it is equal to or higher 
than the 24 hour absorption used in the original design.  The surface moisture (free 
moisture) must be calculated correctly to achieve the design w/c.  Finally, the relative 
density must be tested again in the field to adjust the additional absorbed moisture.  This 
will allow the volume of lightweight aggregate to remain constant and will prevent the 
mixture from under-yielding.  Once all of the properties have been entered into the 
spreadsheet, a final SSD mixture design is given.  Batch weights adjusted for free moisture 






CHAPTER 5. USING A CENTRIFUGE TO DETERMINE THE MOISTURE CONTENT OF 
LIGHTWEIGHT COARSE AGGREGATE 
5.1 Introduction 
It has been shown that using a centrifuge to measure the moisture content of pre-wetted 
fine lightweight aggregate can consistently provide the level of absorbed and surface 
moisture (Miller et al., 2014c, Miller et al., 2014b).  This is not the first time a centrifuge 
has been used for lightweight aggregates.  The thought of using a centrifuge to reach a 
saturated surface-dry condition in aggregates can be seen in Appendix B of ACI 211.2 (ACI, 
1998).  This method is not commonly performed.  There have been questions from the 
ACI committee as to the accuracy of the test and if it should be removed due to lack of 
use.  However, as the centrifuge begins to be used for quality control of internally cured 
concrete, producers may choose to also use the centrifuge for coarse lightweight 
aggregate.  If this is the case, it is important that the proper procedure is performed.  In 
this chapter, the method of determining absorption from ACI 211.2 Appendix B is 
compared to the currently specified method (ASTM C127-12) and the method proposed 




Fourteen different lightweight coarse aggregates were selected for testing in this 
experiment.  Table 5.1 is a list of the aggregates tested as well as their source of 
production.   
 
Table 5.1:  List of coarse lightweight aggregates tested in this testing program 
Aggregate Plant Location Raw Material 
Big River Riverlite AL (Livlite) Livingston, Alabama Clay 
Big River Riverlite LA CM (Gravelite) Erwinville, Louisiana Clay 
Big River Riverlite LA CS (Gravelite) Erwinville, Louisiana Clay 
Buildex Marquette 1/2 Marquette, Kansas Shale 
Buildex New Market 1/2 New Market, Missouri Shale 
Haydite B Brooklyn, Indiana Shale 
Haydite Digeronimo B Cleveland, Ohio Shale 
Haydite Digeronimo C Cleveland, Ohio Shale 
Norlite Albany, New York Shale 
Trinity Boulder 3/8 Boulder, Colorado Shale 
Trinity Frazier Park Frazier Park, California Shale 
Trinity Streetman 3/8 Streetman, Texas Shale 
Utelite Coalville, Utah Shale 
Stalite 3/4 Gold Hill, North Carolina Slate 
 
These aggregates represent the majority of commercially produced lightweight 
aggregates in North America.   For this method to be applicable for quality control, it is 
important that it works for a wide range of commonly used materials.  Lightweight 
aggregate, including all of the aggregates in this study, is typically a manufactured 
aggregate produced by expanding shale, clay, slate, or slag.  The resulting aggregate has 





5.3 Experimental Program 
To begin this research, all materials were first oven dried in an oven at 110 ± 5 ˚C (230 ± 
10 ˚F) to a constant mass.  The aggregate was then submerged in water for 24 hours.  
ASTM C127-12 requires a 72 hour soaking duration, but for ease of scheduling the 
experiments 24 hours was used.  At 24 hours, the excess water was decanted from the 
aggregates, the material was stirred, and samples were taken and tested for absorption. 
 
Three methods for determining the absorption of coarse lightweight aggregate were 
tested in this research.  The first method is the currently specified method in ASTM C127-
12 (ASTM C127-12, 2012).  In this method, the surface of the pre-wetted aggregate is 
dried by rolling the aggregate in a large absorptive cloth.  Once all visible films of water 
are removed from the surface the aggregate, it is considered to be in the pre-wetted 
surface-dry state and can be tested for properties of interest, including absorption. The 
second method is that discussed in Appendix B of ACI 211.2 (ACI, 1998).  In this method, 
pre-wetted lightweight aggregate is placed in a centrifuge and spun for 20 minutes at 500 
rpm.  After 20 minutes, the aggregate is considered to be in the pre-wetted surface-dry 
state.  The final method tested is the centrifuge method proposed in this thesis, where 
pre-wetted lightweight aggregate is placed in a centrifuge for 3 minutes at 2000 rpm.  





5.4 Results and Discussion 
All three procedures were performed multiple times on each aggregate.  Results from this 
testing can be seen in Table 5.2. 
Table 5.2:  24-hour absorption results when using three different procedures to test pre-
wetted coarse lightweight aggregate 
Aggregate 
Absorption, % 
ASTM C127 500 rpm 2000 rpm 
Big River Riverlite AL (Livlite) 19.36 21.37 19.31 
Big River Riverlite LA CM (Gravelite) 18.45 18.47 16.75 
Big River Riverlite LA CS (Gravelite) 16.84 16.9 15.67 
Buildex Marquette 1/2 18.57 19.2 18.05 
Buildex New Market 1/2 16.34 17.19 15.09 
Haydite B 11.3 13.02 11.27 
Haydite Digeronimo B 16.93 17.69 17.44 
Haydite Digeronimo C 15.05 14.51 14.09 
Norlite 10.78 10.68 9.78 
Trinity Boulder 3/8 13.83 14.18 13.65 
Trinity Frazier Park 17.08 18.05 15.35 
Trinity Streetman 3/8 15.11 16.16 15.29 
Utelite 13.92 13.39 13.79 
Stalite 3/4 7.10 6.43 7.12 
 
The two centrifuge methods were then compared to the ASTM C127 method because this 
is the currently accepted and specified method.  The plots of this correlation can be seen 





Figure 5.1:  Comparison between 20 minute, 500 rpm centrifuge absorption and ASTM 
C127 absorption of pre-wetted coarse lightweight aggregate 
 
 
Figure 5.2:  Comparison between 3 minute, 2000 rpm centrifuge absorption and ASTM 




In Figure 5.1 and Figure 5.2 a perfect correlation would be shown by all test results falling 
on the y = x line.  Strong correlation in both cases, and several conclusions can be drawn.  
In Figure 5.1, the method from ACI 211.2 is shown, where the centrifuge is spun at 500 
rpm for 20 minutes.  This method has several data points falling on the y = x line, but it 
shows the majority of the results above this line.  This indicates that the 500 rpm 
centrifuge method often overestimates the amount of water that is absorbed by not 
removing all of the surface moisture.  This would be consistent with observations made 
during testing, where free water could be seen still in the centrifuge bowl with the 
aggregate after the testing. 
 
In contrast, Figure 5.2 shows the method proposed for fine lightweight aggregate where 
the centrifuge is spun at 2000 rpm for 3 minutes.  Much like the previous method, several 
data points fall on the y = x line.  However, a many of the points fall below the perfect 
correlation line.  This indicates that this method may be removing too much water from 
the aggregate.  While this method is expected to work well, as it does with fine lightweight 
aggregate, it is possible that there is a different range of pore sizes on or near the surface 
on the coarse lightweight aggregate when compared to the fine lightweight aggregate 
(Miller et al., 2014b). 
 
To begin to determine which centrifuge method is yields the best results, the coefficient 
of determination, r2, was determined for Figure 5.1 and Figure 5.2.  For the ACI 211.2 




was determined to be 0.92.  Both methods show a similar r2, meaning they have a 
comparable correlation to the standardized test.  It should be noted that while the 
methods have a similar r2, one method tends to overestimate the value, while the other 
tends to underestimate.  This may indicate that the optimal testing method is somewhere 
between 500 rpm and 2000 rpm. 
 
In addition to seeing how well the two centrifuge methods fit the ASTM C127 test, it is 
important to consider variability within each testing method.  To do this, the coefficient 
of variation was determined for each aggregate using each test method.  This data is 
shown in Table 5.3. 
 
Table 5.3:  Variability in absorption associated with testing pre-wetted coarse 
lightweight aggregate using different methods 
Test Method Average Coefficient of Variation 
ASTM C127 0.018 
ACI 211.2 0.017 
2000 rpm, 3 minute 0.012 
 
Table 5.3 shows that the ASTM C127 and ACI 211.2 methods share similar coefficients of 
variation.  The 2000 rpm centrifuge method has about 30% less variability associated with 





The results show that both centrifuge methods correlate similarly to the ASTM C127 test.  
Also, while the 2000 rpm centrifuge method has improved precision, all three methods  
are fairly comparable in variability.   The similarities between the results of all three tests 
makes it challenging to determine the best method.  However, several conclusions can be 
drawn from the data.  The ACI 211.2 method (500 rpm) overestimated absorbed moisture 
by leaving excess water on the surface of the aggregate, while the 2000 rpm method 
underestimated absorption by removing too much moisture.  The ACI method and the 
2000 rpm method predicted the ASTM C127 method with an r2 of 0.94 and 0.92, 
respectively.  Additionally, the method’s precision improved with the use of a centrifuge, 
and again improved at higher speeds.   
 
Further research is needed to determine the optimum method to determine absorption 
of pre-wetted coarse lightweight aggregate using a centrifuge.  However, both centrifuge 
methods tested yielded results that were similar to that of ASTM C127.  For design of 
concrete mixtures, it is more conservative to use the 2000 rpm method as it assures that 
all surface moisture is removed.  If all surface moisture is not removed, as in the ACI 211.2 
method, the absorption value will be inflated.  This means that the designer will think that 
water is inside the aggregate, rather than on the surface acting as free moisture.  This will 
cause the w/c to be higher than designed.  Additionally, the 2000 rpm method only 
requires 3 minutes per test, whereas the 500 rpm test requires 20 minutes per test.  This 




author believes that the 2000 rpm test is superior for testing pre-wetted lightweight 
coarse aggregate. 
 
5.5 Summary and Conclusions 
This research was intended to test the available methods for determining the moisture 
properties of pre-wetted coarse lightweight aggregate.  Fourteen lightweight coarse 
aggregates from North America were tested.  The currently specified method in ASTM 
C127-12 was performed as the reference absorption value.  Then, two methods using a 
centrifuge were tested.  The first is discussed in Appendix B of ACI 211.2 (500 rpm for 20 
minutes), while the other is discussed for its use with pre-wetted lightweight fine 
aggregate in Chapter 2 of this thesis (2000 rpm for 3 minutes).  The 500 rpm and 2000 
rpm methods correlated similarly to the ASTM C127 method, with r2 values of 0.94 and 
0.92 respectively.  The 2000 rpm test was most precise, with an average coefficient of 
variation of 0.012 (500 rpm test cv = 0.017 and ASTM C127 test cv = 0.018).  Testing pre-
wetted lightweight coarse aggregate for 3 minutes at 2000 rpm was determined to be the 






CHAPTER 6. EVALUATION OF SUPERABSORBENT POLYMERS FOR USE IN 
CEMENTITIOUS SYSTEMS FOR THE PURPOSE OF MITIGATING AUTOGENOUS 
SHRINKAGE 
6.1 Introduction 
In recent years, the infrastructure materials industry has seen a push towards using more 
sustainable materials.  For cementitious materials, this means using mixtures with less 
cement, using cement with lower clinker contents, or making concrete mixtures with a 
longer service life.  In an effort to reduce the environmental, economical, and societal 
impacts of using concrete, the industry has seen an increase in the use of supplemental 
cementitious materials and lower water-to-cement ratios (w/c).  While these high 
performance systems exhibit decreased permeability and higher strength, they 
frequently have an increased probability for cracking due to refined pores and 
susceptibility to self-desiccation (Persson, 1997, Tazawa and Miyazawa, 1993, Hassan et 
al., 2000, Shah and Weiss, 2000, Weiss et al., 1998).   
 
Internal curing is the process by which curing water is supplied to the hydrating 
cementitious system via water entrained in internal reservoirs.  As a result of cement and 
water reacting, the system undergoes a chemical shrinkage (Geiker, 1983).  This becomes 
problematic once the concrete hardens and the matrix begins to resist this volume change 
and vapor filled space in the pore structure begins to form.  This vapor filled space 
89 
corresponds with an under-pressure in the fluid which results in the development of 
autogenous shrinkage and if this shrinkage is restrained, autogenous stress (Sant et al., 
2006, Hammer, 1999).  The water (fluid) that is stored within the internal curing medium, 
which may be lightweight aggregate or superabsorbent polymers, is released lowering 
the under-pressure and reducing the volume of vapor filled space.  Internal curing can 
increase the relative humidity, reducing autogenous shrinkage, and mitigating much of 
the early age shrinkage (Bentz and Jensen, 2004, Geiker et al., 2004, Lura et al., 2006a, 
Wang et al., 2009).   
6.2 Experimental Program 
6.2.1 Materials 
An ordinary portland cement (OPC), ASTM C150-12 Type I, was used for this study.  
Information for the chemical composition of the cement is provided in Table 6.1.  The 
Blaine fineness of the cement is 368 m2/kg. 
 
Table 6.1: Chemical composition of Type I OPC used in this research 
Chemical Composition 
C3S (%) 63.4 
C2S (%) 8.4 
C3A (%) 9.0 
C4AF (%) 8.7 
Total Eqv. Alkali 





The sand used for mortar mixtures was a natural river sand with a fineness modulus of 
2.71, an apparent specific gravity of 2.58, and a water absorption of 1.8% by mass.  Both 
paste and mortar mixtures were designed to have a water-to-cement ratio (w/c) of 0.30.  
Tap water that had been tempered to room temperature was used for all testing.  The 
mortar mixtures contained 55% aggregate by volume.  Glenium 3030 NS full-range water 
reducer was used at a dosage of up to 0.01 mL/g. 
   
A single commercially produced SAP was used for this study.  The SAP was created using 
bulk solution polymerization, dried, and ground into two different gradations, as shown 
in Table 6.2. 
Table 6.2: Dry particle size of two SAP gradations tested 
SAP Particle size, x 
SAP I 50 µm < x < 125 µm 
SAP II x < 100 µm 
 
Six different mixtures were created for use in the experiments of this study.  Mixtures 1-
3 were paste mixtures, and Mixtures 4-6 were mortar mixtures.  The mixtures can be seen 





Table 6.3:  Mixture proportions for the six mixtures used in this study 
Material, kg/m3 
Mixture Identification Number 
1 2 3 4 5 6 
Cement 1618 1484 1485 728 668 668 
Water 485 445 445 218 200 200 
IC Water 0 79 79 0 36 36 
Fine Aggregate 0 0 0 1443 1443 1443 
Dry SAP 0 4.32 3.6 0 1.94 1.62 
SAP Used - SAP I SAP II - SAP I SAP II 
 
Mixture 1 and 4 were plain, non-internally cured paste and mortar mixtures, respectively.  
These served as the reference specimens to assess the efficacy of IC mixtures.  SAP was 
added to these mixtures following Equation 6.1 as developed by Bentz and Snyder (Bentz 
and Snyder, 1999a): 
𝑀𝑀𝑃𝑃𝐿𝐿𝑃𝑃 = 𝐶𝐶𝑓𝑓 × 𝐶𝐶𝐶𝐶 × 𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚𝛷𝛷𝑃𝑃𝐿𝐿𝑃𝑃  [6.1] 
 
where MSAP (kg/m3) is the mass of SAP (in a dry state), Cf (kg/m3) is the cementitious 
content of the mixture, CS (ml of water per g of cement) is the chemical shrinkage of the 
cement (assumed here 0.064 ml/g cement), αmax (unitless) is the expected maximum 
degree of hydration, and φSAP is the absorption capacity of the SAP (note this is not used 





6.2.2 Mixing of Paste and Mortar 
Mixing was performed following ASTM C305-13 (C305-13, 2013).  When the mixture was 
to be internally cured, dry super absorbent polymers were first combined and mixed with 
the dry Type I cement.  The dry materials were added to the mixture and the fluid was 
absorbed by the SAP.  Where applicable, water reducer was added after the first mixing 
cycle.  An additional cycle of mixing (60 seconds) and standing (90 seconds) was 
performed to promote absorption in the SAP.  For all mortar mixtures, the natural sand 
was oven dried at 105˚C to constant mass.  The oven-dry sand, SAP, cement, and water 
were conditioned for 24 hours at room temperature prior to mixing.  
 
6.2.3 Pore Solution Extraction 
Pore solution was extracted from freshly mixed cement paste as previously described by 
Penko, Rajabipour et al., and De la Varga to conduct pore solution analysis and to 
determine SAP absorption capacity (Penko, 1983, De la Varga, 2013, Rajabipour et al., 




fresh cement paste was placed in a Millipore pressure filtering system, as shown in Figure 
6.1.  
 
Figure 6.1:  Components of the Millipore pressure filtering system used to extract pore 
solution from fresh cement paste 
  
The rigid container was then exposed to pressure from nitrogen gas cylinder.  The filtering 
system is capable of reaching pressures of up to 200 kPa.  The apparatus uses a 0.8 µm 
filter paper to remove sediment.  Extracted pore solution was immediately placed in 
airtight glass vessels to avoid carbonation and contamination.   
 
6.2.4 Pore Solution Analysis 
Pore Solution Analysis was performed on the solutions obtained following the procedure 




Varian Spectra AA-20 atomic absorption spectrometer with Varian GTA-96 graphite tube 
atomizer was used.  For determining the concentration of anions (SO42- and Cl-), a Dionex 
ICS-900 integrated single channel ion chromatography system was used.  To analyze the 
solution for Al, a Perkin Elmer OPTIMA 8300 Inductively Coupled Plasma Optical Emission 
Spectrometer was used. 
 
6.2.5 Superabsorbent Polymer Absorption 
There is currently no standardized test method for determining the absorption of super 
absorbent polymers.  There are, however, several approaches that have been discussed 
in the literature, including gravimetric methods (such as the so called “tea bag method”) 
and volumetric methods (Esteves, 2011, Jensen et al., 2011, Qi et al., 2008, Buchholz and 
Graham, 1998).  For this study, a variation of the “tea bag method” was used.  A sufficient 
amount of pore solution to allow for complete saturation of SAP was first extracted from 
a paste with a w/c of 0.30 as described in Section 6.2.3.  The extracted pore solution was 
then placed in a small beaker.  A piece of filter paper was then pre-wetted with the pore 
solution and massed so that the mass of this filter could later be taken into account. A 
small amount of dry SAP (~ 0.2 g) was added to the pre-wetted filter paper.  The SAP and 
filter paper was then exposed to the pore solution.  The SAP was agitated and allowed to 
absorb the pore fluid for 30 minutes.  The tea bag was then removed from the solution 
and placed on a dry paper towel. The tea bag was then massed every five minutes.  After 
determining the mass, the tea bag was placed again on a dry paper towel.  The paper 




inter-particle moisture from the SAP.  As the SAP approaches a condition where it is at 
absorption capacity without any surface moisture, the mass readings every five minutes  
will plateau.  This reading is then used to calculate the absorption capacity, as in Equation 
6.2 




where MSSD is the mass of the SAP in the condition where it is fully saturated with pore 
solution and no surface moisture and MD is the original mass of dry SAP.  This testing was 
again performed to verify the first result.  The absorption capacity was then used in the 
concrete mixture design Equation 6.1. 
6.2.6 Small Dual Ring 
The dual ring test, as shown in Figure 6.2, consists of two concentric rings made of invar 
steel, an alloy with a very low coefficient of thermal expansion (α = 2.8 × 10-6 μm/m/°C) 





Figure 6.2:  Small dual ring setup consisting of three sets of dual rings of varying degrees 
of restraint used for this testing 
The inner and outer rings are fitted with three and four strain gauges, respectively.  The 
rings rest on top of an aluminum cold plate which is attached to a circulating water bath 
and is capable of controlling the sample temperature.  The paste or mortar sample is cast 
between the two rings and the chamber is sealed.  The water bath and cold plate will keep 
the sample at 23˚C for 72 hours, after which the temperature is decreased to -10˚C at a 
rate of 2˚C per hour.   
 
6.2.7 Isothermal Calorimetry 
Isothermal conduction calorimetry was performed using a TAM Air isothermal 
calorimeter, shown in Figure 6.3, as previously described in (Poole et al., 2010, Johansen 





Figure 6.3:  TAM Air isothermal calorimeter used for this testing 
 
Three paste mixtures with a w/c of 0.30 were produced, one mixture being a plain, non-
internally cured mixture and one mixture for each SAP gradation.  After mixing externally, 
approximately 6 g of paste was placed in each vial, with a replicate vial for each mixture.  
The cumulative heat of hydration was then measured during the first five days after 
mixing.   
6.2.8 Internal Relative Humidity 
Relative humidity was measured in one plain paste mixture and mixtures containing SAP 
to assess the performance of the SAP as an internal curing agent.  Relative humidity 
measurements were performed using the HygroClip2S sensors (± 0.8 % RH at 23 ± 0.1 °C), 





Figure 6.4: Rotronic setup used to monitor relative humidity at early ages in mortar 
samples 
The relative humidity probes were calibrated before each test using saturated salt 
solutions (Greenspan, 1977).  The relative humidity probes were mounted in a 75 mm x 
68 mm stainless steel cylinder that was placed over a water jacketed sample cup.  The 
water jacket was connected with a water bath at a constant temperature of 23.0 ± 0.1 ºC.  
Consistent temperature throughout the course of the test is essential for accurate 
measurement. 
6.3 Results and Discussion 
Absorption of superabsorbent polymers is highly sensitive to ionic species and 
concentrations present in the solution that will be absorbed, and the absorption will 
decrease for solutions with higher ionic strength (Schrofl et al., 2012).  Because of this, it 




pore solution chemical makeup was well understood.  The results of the pore solution 
analysis can be seen in Table 6.4. 
 
Table 6.4: Concentrations of ions of interest in pore solution extracted from fresh w/c = 
0.3 paste (pH = 12.86) 
Ion Ca2+ K+ Na+ SO42- Cl- Al 
Concentration, mol/L 0.007 0.401 0.229 0.245 0.036 0.003 
 
The pore solution was then used to characterize the absorption of the SAP.  The 
absorption was determined to be 1830% for SAP I and 2350% for SAP II.  These 
absorptions were then used in the mixture designs for pastes and mortars to be tested in 
the dual rings.     
 
The degree of restraint (Ψ) of a restraining ring can be calculated as discussed by Moon 




Where EC is the elastic modulus of concrete (30 GPa), ES is the Young’s modulus of invar 








































































For this study the dimensions of the ring are ROC = 7.5 cm, RIC = 5.0 cm, with Ring 2 RII = 
4.4 cm, ROO = 8.5 cm.  The degree of restraint for the dual ring used in this study was 75%. 
 
The stress that develops when the volume change is prevented can also be calculated 
using strain gages mounted on the invar rings.  The strain measured on the inner ring (εIN) 
and outer ring (εOUT) is reported as the average output of the gauges on each ring.  These 
strains can also be used to determine the time of cracking by observing a sudden drop in 
readings.  The pressure exerted by the sample on the inner ring, PIN, can be calculated 
using Equation 6.4 while the pressure on the outer ring, POUT, can be determined using 







The inner and outer pressure can be used to calculate the circumferential “residual” stress 















































































Figure 6.5 and Figure 6.6 and show the residual stress results from the dual ring paste and 
mortar tests.   
 
Figure 6.5:  Graphical results of dual ring testing on past sample (note: data terminates 
when crack formed) 
 





Data from the restrained ring tests performed on mortars can be seen in Figure 6.6.  The 
stress in the SAP IC paste samples is substantially lower than that obtained for the plain 
mixture.  While the paste samples all cracked prior to the decrease in sample temperature, 
the mortar samples did not crack after the temperature reduction.  As the temperature 
was decreased, the samples experienced thermal contraction.  Once the lower set point 
temperature of the water bath was reached (i.e., -4 ˚C which was before ice would form 
in the sample) and the temperature was held, the mortar samples began to relax the 
induced strain, as indicated by the slope of the data points after the peak residual stress.   
 
Delayed strength gain of SAP systems and decreased paste strength has been reported 
before by others in literature (Lura et al., 2006b, Reinhardt et al., 2008, Wang et al., 2009, 
Hasholt et al., 2010).  As the SAP contributes its internal curing water to the system, it 
shrinks, leaving behind a void the size of the swollen SAP particle.  This void will act as a 
flaw in the matrix, decreasing the strength of the paste.  In paste samples, this effect is 
exacerbated, resulting in premature cracking.   
 
Following the fracture mechanics based approach outlined by Weiss et al. (Weiss et al., 
2000b), the critical flaw size was estimated using peak stresses shown in Figure 6.5 and 
found to be 5-30 times larger in pastes containing SAP.  This would imply that if the flaw 
size was related to the size of the cement grain (i.e., approximately 30 microns) that the 
flaw size for the SAP material would be on the order of 150 to 900 microns.  This is in the 




interaction of a few SAP particles that either flocculate or align.  As a result it appears that 
the inclusion of SAP particles could have a profound impact on the ring test and the size 
of the flaws should be considered in assessing the age of cracking.  This could not be 
evaluated for the mortar systems as cracking was not observed under the testing 
conditions; however it is assumed to be less critical since the fine aggregate will provide 
a larger defect in those systems as Weiss et al. previously reported that this flaw size was 
related to the maximum size of the aggregate (Weiss et al., 2000b).   
 
Mortar samples were then tested to determine their internal relative humidity as in 
Section 6.2.8.  The results are seen in Figure 6.7. The results of the relative humidity 
testing are consistent with the results from the dual rings.  It is shown that the internal 
relative humidity is significantly greater in the SAP system in the first 7 days after casting. 
The increase in relative humidity resulting from the SAP supplying the system with curing 
water will reduce internal stresses from vapor filled pores caused by self-desiccation.  The 
water supplied by SAP will not only decrease internal stresses, but it will also allow for 
increased hydration, as shown in Figure 6.8 for isothermal conduction calorimetry.  
Mixtures containing SAP experienced an increase in the degree of hydration as a result of 





Figure 6.7: Internal relative humidity (RH) of mortar samples with and without SAP 










While two different particle size distributions of SAP were tested, the average particle size 
of both SAP I and SAP II was similar.  Both gradations showed comparable performance 
as internal curing agents, increasing internal relative humidity during early ages, 
increasing hydration, and decreasing shrinkage.  The similar average particle size also 
showed like contributions with SAPs acting as flaws in the system. 
 
6.4 Summary and Conclusions 
In this study, superabsorbent polymers (SAPs) were examined for their efficacy in 
reducing early age shrinkage in systems using cements from North America.  Pore solution 
was extracted from fresh cement paste for the characterization of absorption kinetics of 
the SAP being used.  This pore solution was also analyzed so that ionic concentrations  
could be known and synthetic pore solution could be produced in future studies.  Once 
the SAP absorption was characterized, several experiments were performed.  The dual 
rings showed that the SAP significantly lowered the stresses developed in the rings when 
compared to the plain mixture.  This conclusion was confirmed by the internal relative 
humidity data, where the SAP mixtures maintained a significantly higher RH than the plain 
sample over the first week.  Isothermal calorimetry showed SAP mixtures achieving higher 
degree of hydration than the plain mixture.  The paste samples made using SAP showed 
through cracking at lower tensile stress levels than the plain paste and plain mortar 
presumably due to the SAP acting as a flaw in the paste.  This indicates that the relative 
size of the SAP is important and in paste samples and needs to be carefully considered if 




mortar and concrete mixtures due to the aggregate size however this needs to be 






CHAPTER 7. CONCLUSIONS 
In the first chapter of this thesis, a brief review of internal curing was presented.  Potential  
issues (i.e. shrinkage cracking) associated with the industry push towards high 
performance, low w/c materials were explained.  Internal curing was presented as a 
solution to these issues.  The parameters used in the design of internally cured mixtures  
were discussed, and the importance of properly characterizing the pre-wetted lightweight 
aggregate was illustrated. 
 
The second chapter of this thesis sought to determine a method to rapidly determine the 
surface-dry condition of LWA using a centrifuge.  With a consistent way to reach this state, 
the absorbed moisture and surface moisture of a LWA can be easily determined and used 
in the mixture design of internally cured concrete.  Fifteen different commercially 
available LWA from across North America were tested to try to find a method that would 
be applicable for a variety of materials.  The basis of the method is the balance between 
centrifugal force extracting water from surface pores and the capillary forces acting to 
hold water in the surface pores.  With several approximations, a general approximate 
equation was developed to describe the size of pores that would be emptied during the 
centrifuge test.  The centrifuge was tested using different rotational speeds and testing 
durations.  The results from these tests were then compared to the currently specified 
108 
testing method (ASTM 1761-13b “paper towel method”).   It was shown that testing for 3 
minutes at 2000 rpm was the most rapid procedure with the strongest correlation to 
reference values from tests such as the paper towel method.  The results from applying 
the centrifuge method show that this is a viable option for the determination of moisture 
properties of lightweight aggregate.  The proposed method is a relatively fast test, offers 
consistent results, and removes much of the operator bias associated with the currently 
specified testing procedure. 
 
The third chapter evaluated the use of two methods that are used to determine the 
absorption of pre-wetted lightweight fine aggregate.  Precision data was previously only 
available for single operator, single laboratory testing using the paper towel method 
(ASTM C1761-13b) and no data was available for the centrifuge method.  The first 
experiment provided single operator, single laboratory absorption precision data for the 
centrifuge method so that the two methods could be compared.  The results showed that 
centrifuge method had slightly better single operator, single laboratory precision (0.25%) 
than the paper towel method (0.3%).  The second experiment built upon the first, 
providing multiple operator, single laboratory precision statements for both the paper 
towel method and the centrifuge method.  Twenty-five operators performed both tests.  
Results from absorption measurements showed the centrifuge method to be 
approximately ten times more precise than the paper towel method.  In addition, test 
durations were recorded for both methods.  The paper towel method took an average of 




The centrifuge method is a potential improvement on the currently specified paper towel 
method.  The experiments performed show that the centrifuge method is slightly more 
precise for a single user, and is ten times more precise when multiple operators test 
absorption on the same pre-wetted lightweight aggregate.  This increase in precision will 
allow for mixture design and moisture corrections to be made with accuracy, repeatability, 
and confidence.  In addition, the centrifuge method is a considerably more rapid test for 
determining the moisture properties of pre-wetted lightweight aggregate.  Decreasing 
the time to perform the test will allow for rapid moisture corrections to be made to 
internally cured concrete mixture designs.  This chapter has shown that the centrifuge 
method may potentially increase the speed and precision of LWA characterization and IC 
concrete quality control operations. 
 
The fourth chapter discussed how to use developed spreadsheets to calculate properties  
of lightweight aggregate and how to implement these properties into the mixture design 
process for internally cured concrete.  The properties of the lightweight aggregate that 
are important for design are absorption, desorption, and relative density.  To make an 
initial design, these properties should be determined after a 24 hour soaking period.  Once 
the properties are obtained, any existing mixture can be internally cured using the 
mixture proportion design sheet.  It is then necessary to repeat testing using the same 
worksheets the day of batching in the field to make sure that the mixture is produced as 
designed.  The absorption needs to be checked to make sure that it is equal to or higher 




moisture) must be calculated correctly to achieve the design w/c.  Finally, the relative 
density must be tested again in the field to adjust the additional absorbed moisture.  This 
will allow the volume of lightweight aggregate to remain constant and will prevent the 
mixture from under-yielding.  Once all of the properties have been entered into the 
spreadsheet, a final SSD mixture design is given.  Batch weights adjusted for free moisture 
are also given so that batching tolerances can be monitored. 
 
The fifth chapter evaluated the available methods for determining the moisture 
properties of pre-wetted coarse lightweight aggregate.  Fourteen lightweight coarse 
aggregates from North America were tested.  The currently specified method in ASTM 
C127-12 was performed as the reference absorption value.  Then, two methods using a 
centrifuge were tested.  The first is discussed in Appendix B of ACI 211.2 (500 rpm for 20 
minutes), while the other is discussed for its use with pre-wetted lightweight fine 
aggregate in Chapter 2 of this thesis (2000 rpm for 3 minutes).  The 500 rpm and 2000 
rpm methods correlated similarly to the ASTM C127 method, with r2 values of 0.94 and 
0.92 respectively.  The 2000 rpm test was most precise, with an average coefficient of 
variation of 0.012 (500 rpm test cv = 0.017 and ASTM C127 test cv = 0.018).  Testing pre-
wetted lightweight coarse aggregate for 3 minutes at 2000 rpm was determined to be the 
better of the two centrifuge tests. 
 
In the sixth chapter, superabsorbent polymers (SAPs) were examined for their efficacy in 




was extracted from fresh cement paste for the characterization of absorption kinetics of 
the SAP being used.  This pore solution was also analyzed so that ionic concentrations  
could be known and synthetic pore solution could be produced in future studies.  Once 
the SAP absorption was characterized, several experiments were performed.  The dual 
rings showed that the SAP significantly lowered the stresses developed in the rings when 
compared to the plain mixture.  This conclusion was confirmed by the internal relative 
humidity data, where the SAP mixtures maintained a significantly higher RH than the plain 
sample over the first week.  Isothermal calorimetry showed SAP mixtures achieving higher 
degree of hydration than the plain mixture.  The paste samples made using SAP showed 
through cracking at lower tensile stress levels than the plain paste and plain mortar 
presumably due to the SAP acting as a flaw in the paste.  This indicates that the relative 
size of the SAP is important and in paste samples and needs to be carefully considered if 
the dual ring is the only method to evaluate performance.  This is likely less of an issue in 
mortar and concrete mixtures due to the aggregate size however this needs to be 
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Recommended Testing Procedure for the Centrifuge 
 
The following is adapted from ASTM 1761-13b (ASTM C1761-13b, 2013) and represents 
the suggested testing method for using a centrifuge to determine properties of LWA. 
 
1. Absorption, Surface Moisture, and Total Moisture 
1.1 Oven dry LWA specimen at a temperature of 110 ± 5 ˚ C (230 ± 9 ˚ F) to a constant mass.  
After constant mass is obtained, allow to return to room temperature, submerge in water, 
and allow to soak for 24 ± 4 h.   
 
Note – If 72 h absorptions are desired, aggregate shall be soaked for 72 ± 4 h and agitated 
every 24 h.  For field applications, LWA may be taken in “as delivered” condition and 
soaked and tested without oven drying.   
 
1.2 For lab samples, decant excess water with care to avoid loss of fines.  Once excess 
water is removed, mix sample to reduce segregation that may have occurred while 
soaking and decanting.   
124 
Note – For field applications, allow pile to drain for a sufficient amount of time after 
soaking to attain more stable stockpile surface moistures.  Turn pile and obtain sample in 
accordance with ASTM D75. 
 
1.3 Measure 600 ± 10 g of pre-wetted LWA into a centrifuge bowl.  Record this mass of 
pre-wetted LWA as MW.  Distribute LWA evenly inside of centrifuge to insure proper 
balance.  If sample is improperly balanced, excessive vibrations will be observed while 
performing test and results may be inaccurate.   
 
1.4 Place centrifuge bowl in centrifuge.  Place 4 µm filter paper on top of centrifuge bowl 
and secure centrifuge bowl cover with cover nut.  Place upper housing on top of 
centrifuge and secure with clamps.   
 
1.5 Set centrifuge speed control to 2000 rpm.  Power centrifuge on.  Begin test, 
monitoring speed readout as to not exceed 2000 rpm.  Testing time of 3 minutes shall 
begin when centrifuge speed reaches 2000 ± 20 rpm.  If centrifuge does not have a digital 
readout, time shall begin when centrifuge reaches a steady spinning rate.   
 
1.6 After specimen has been spun for 3 minutes at 2000 ± 20 rpm, turn centrifuge power 





1.7 Once the centrifuge has come to rest, open the outer housing.  Remove bowl cover 
nut and bowl cover.  Remove filter paper with caution as aggregate may be pressed to 
the surface of the filter.  Transfer pre-wetted surface-dry (WSD) aggregate to a vessel 
appropriate for oven-drying.  It may be necessary to use a spatula to scrape the specimen 
that has been pressed to the walls of the centrifuge bowl into the vessel.  If specimen has 
been pressed to the filter, use a brush to transfer the aggregate from the filter to the 
vessel.  Record the mass of WSD aggregate as MWSD. 
 
1.8 Dry the WSD specimen to constant mass in an oven at a temperature of 110 ± 5 ˚C 
(230 ± 9 ˚F).  Remove specimen from oven, and allow to cool to room temperature.  
Record the mass of the oven dry sample as MOD. 
 
Note – For field applications, an open flame or hot plate may be used to return aggregate 
to an oven-dry state.  Allow sample to cool to room temperature before weighing for 
mass equilibrium.  Repeat drying and cooling until mass change is less than 0.1% of the 
original pre-wetted surface-dry mass. 
 
1.9 Calculations 
MW – Mass of pre-wetted LWA, g 
MWSD – Mass of pre-wetted surface dry LWA, g 





Calculate the absorption to the nearest 0.1 % according to Eq 1.   





Calculate the surface moisture* to the nearest 0.1% according to Eq 2. 
 





Calculate the total moisture to the nearest 0.1% according to Eq 3. 
 





2. Relative Density 
2.1 Follow methodology listed above in steps 1.1-1.6 to obtain aggregate in pre-wetted 
surface-dry condition. 
 
2.2 Stir aggregate in centrifuge bowl and scrape sides to minimize segregation that may 
have occurred during spinning. 
 
2.3 Add approximately 300 g of WSD sample to a glass jar or pycnometer with nominal 




2.4 Partially fill the glass container to about 90% of capacity with water at 23.0 ± 2 ˚ C (37.5 
± 3.5 ˚ F).  Agitate container to remove visible air bubbles from the sample.  Refer to ASTM 
C128 for acceptable methods of agitation.  It is typical for agitation periods of 15-20 
minutes to remove all air bubbles.  
 
2.5 After all visible air bubbles have been removed, fill container to top or to calibrated 
measuring point.  Record this mass, including pycnometer, specimen, and water to the 
nearest 0.1 g as MPS. 
 
2.6 Transfer material to a vessel appropriate for oven drying.  Rinse glass container with 
water and add material to vessel until the glass container is clean.  Decant excess water 
from vessel avoiding loss of fines.  Place sample in an oven and allow it to reach constant 
mass. Constant mass is reached when the specimen does not change by more than 0.1 % 
of its original WSD mass.  Record this mass as MOD. 
 
2.7 Calculations 
MWSD – Mass of pre-wetted surface-dry LWA, g 
MPS – Mass of pycnometer, WSD specimen, and water to measuring point, g 
MOD – Mass of oven-dry LWA, g 
MPW – Calibration mass of pycnometer and water to measuring point, g 
 




𝐺𝐺𝑂𝑂𝑃𝑃 = 𝑀𝑀𝑂𝑂𝑃𝑃𝑀𝑀𝐿𝐿𝑃𝑃𝑃𝑃 + 𝑀𝑀𝑃𝑃𝐿𝐿 − 𝑀𝑀𝑃𝑃𝑃𝑃 (4) 
 
Calculate the pre-wetted surface-dry (WSD) relative density (specific gravity) according to 
Eq 5. 
𝐺𝐺𝐿𝐿𝑃𝑃𝑃𝑃 = 𝑀𝑀𝐿𝐿𝑃𝑃𝑃𝑃𝑀𝑀𝐿𝐿𝑃𝑃𝑃𝑃 +𝑀𝑀𝑃𝑃𝐿𝐿 −𝑀𝑀𝑃𝑃𝑃𝑃 (5) 
 
3. Desorption at 94% RH  
3.1 Follow methodology listed above in steps 1.1-1.6 to obtain aggregate in pre-wetted 
surface-dry condition. 
 
3.2 Stir aggregate in centrifuge bowl and scrape sides to minimize segregation that may 
have occurred during spinning. 
 
3.3 Measure and record weight of empty weighing dish. Add approximately 5 g of WSD 
LWA to the dish and record mass again.  Make all measurements to 0.01 g.  Record 
specimen mass as MWSD. 
 
3.4 Introduce specimen and dish to controlled humidity environment.  Measure the mass 
of the specimen every day until the specimen mass change is not more than 0.01 g in 24 





3.5 Once equilibrium is reached in the controlled humidity environment and M94 has been 
obtained, place the dish and specimen in a drying oven.  Allow specimen to reach constant 
mass in oven.  Constant mass is considered to be when the specimen mass change does 
not exceed 0.01 g in 24 hours.  Record this mass as MOD. 
 
3.6 Calculations 
MWSD – Mass of pre-wetted surface dry LWA, g 
M94 – Mass of LWA at equilibrium in 94% relative humidity chamber, g 
MOD – Mass of oven-dry LWA, g 
 
To calculate the mass of water released at 94% relative humidity, expressed as a fraction 
of the OD mass, use Eq 6.  Express result to the nearest 0.01. 
𝑊𝑊𝐿𝐿𝐿𝐿𝐿𝐿 = 𝑀𝑀𝐿𝐿𝑃𝑃𝑃𝑃 − 𝑀𝑀94𝑀𝑀𝑂𝑂𝑃𝑃  (6) 
To calculate the desorption at 94% relative humidity using Eq 7.   
𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴𝑟𝑟𝑝𝑝𝑡𝑡𝐴𝐴𝐴𝐴𝐴𝐴94% = 𝑀𝑀𝐿𝐿𝑃𝑃𝑃𝑃 −𝑀𝑀94𝑀𝑀𝐿𝐿𝑃𝑃𝑃𝑃 − 𝑀𝑀𝑂𝑂𝑃𝑃 (7) 
 
 
 
